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Abstract
The increasing demand in the metallic microfabrication in recent times highlights
the significance of microforming process due to its compliance with mass produc-
tion, customization, materials, and formability. Nevertheless, the existing micro-
forming processes are limited by a number of factors including fabrication of mi-
cromolds/punches, friction and wear of contact surfaces, size effects, and process
flexibility. This thesis attempts to address these limitations by developing a new
microforming process for fabricating 3D microfeatures on metallic foils.
A novel mold-free microforming technique, Flexible Pad Laser Shock Forming
(FPLSF), which uses laser-induced shock pressure and a flexible pad to fabricate
microscale features on metal foils is developed and demonstrated. FPLSF uses
laser-induced shockwaves as the deformation force to induce plastic deformation
on metal foils, where flexible pad acts as the backing support. Hemispherical
microcraters of depth ~ 15 µm to 300 µm and radius ~ 150 µm to 1 mm with
excellent surface quality are produced on copper, nickel, and stainless steel foils
(25 µm thickness). The formed features experience beneficial uniform thickness
distribution and material strengthening.
In order to understand the effect of various process parameters on foil defor-
mation characteristics, a detailed parametric study is performed. The process
parameters include laser fluence, number of pulses, laser system, ablative overlay,
ablative overlay thickness, confinement medium, confinement thickness, flexible
pad material and its thickness. The correlations between the process variables and
deformation features are established.
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As FPLSF is a new process, it is necessary to understand the process mechanisms
involved. In FPLSF, the principle mechanism behind laser-induced shock pressure
is the formation and propagation of plasma upon laser irradiation. Therefore, a
detailed investigation of laser-induced plasma characteristics is carried out using
a high speed camera. The plasma lifetime and plasma expansion during FPLSF
are studied initially. Moreover, the effects of laser fluence, number of pulses, con-
finement medium, and confinement thickness on the plasma characteristics are
analyzed and correlated with the corresponding plastic deformation of metal foils.
FPLSF is a high-strain rate forming process involving strain rates of 105 s−1,
where the deformation mechanisms are possibly influenced by high-strain rate ef-
fects. To study the underlying plastic deformation mechanism during FPLSF,
mechanical properties and microstructure of copper foil are studied. Initially, thick-
ness distribution of the deformed foils along the cross section at different positions
is examined. Hardnesses at the cross-section, top surface, and bottom surface of
the crater are examined subsequently. The microstructure variation on copper
foil surfaces due to FPLSF is investigated using Electron BackScatter Diffraction
(EBSD) technique. The microstructure of the foil is characterized using grain size
distribution, grain boundary misorientation angle, and texture. Strain harden-
ing is identified to be the prominent plastic deformation mechanism in FPLSF
rather than the typical adiabatic softening effect known to be occurring at high
strain rates for processes such as electromagnetic forming, explosive forming, and
laser dynamic forming. This significant difference in deformation mechanism with
FPLSF is attributed to the concurrent reduction in plastic strain, strain rate and
the inertia effects, resulting from the FPLSF process configuration.
Finally, finite element analysis (FEA) of FPLSF is performed to study the de-
formation characteristics of metal foil and flexible pad. A 3D finite element model
is developed to simulate the high strain rate plastic deformation of metal foil and
hyperelastic deformation of flexible pad in the commercial FE package, ABAQUS.
FE model is validated first by comparing the shape, depth, and diameter of the
iv
deformation features between experiments and simulation. A time-resolved analy-
sis of stress and strain distributions at different positions along the foil is carried
out. The stress-strain distributions are correlated with the experimental results
to understand the observed process behaviors. Furthermore, several process vari-
ables, laser fluence, material and thickness of the metal foil, and flexible pad are
investigated using FEA.
v
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Chapter 1
Introduction
This chapter discusses the motivation for this research followed by the objectives
and scope of the present work. The outline of the thesis is also presented.
1.1 Microfabrication
Microfabrication is defined as producing microlevel systems and components or
creating microsized features on macroparts where at least two dimensions are in
sub-millimeter range [1]. There is an increasing demand for the fabrication of micro
systems and devices in several sectors including electronics, energy, automobile,
medical equipments, communications, MEMS (Micro-Electro Mechanical Systems)
and optics [2, 3]. Numerous products and components including microactuators,
micro-mechanical devices, sensors and probes, micro-fluidic components, medical
implants, micro-switches, optical devices, memory chips, micro-motor, magnetic
hard-drive heads, computer processors, inkjet printing heads, lead frames, electrical
connectors, and micro fuel cells are made by microfabrication techniques [2, 4–6].
Few examples of microcomponents or microfeatures are displayed in Fig. 1.1.
The manufacturing of these microsystems is achieved by a number of different
fabrication techniques. Fig. 1.2 classifies the typical micromanufacturing processes
based on their working mechanism [3]. However, it is more appropriate to classify
the processes into MEMS-based (or lithography-based) and non-MEMS-based (or
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Figure 1.1: Typical examples of microcomponents/features (a) Leadframe by
stamping [7] (b) Micro fluidic channels by isostatic pressing [8] (c) Microlens arrays
by compression molding [9] (d) Micromotor shaft by extrusion [10] (e) Micropillars
by micro-wire EDM [11] (f) Electron gun cup by deep drawing [10]
non-lithography-based) techniques in microfabrication industry [6]. Lithographic
processes are found to be the predominant techniques by which micro and submi-
cron features are fabricated for MEMS devices. Lithography involves a series of
processes that facilitate the transfer of required patterns from a mask into a silicon
material through polymer resist by means of chemical treatments [12]. Despite its
enormous popularity and well-developed process knowledge, these techniques are
largely limited by their quasi three dimensional (2D or 2.5D) fabrication princi-
ple. Another significant limitation has been their ability to process only silicon-
based materials. In addition, it is difficult to produce high aspect ratio features
using these processes [11]. LIGA, laser fabrication, etching, and plating are other
MEMS-based techniques that have limitations such as 1D processing and increased
process complexity [11]. Injection moulding, casting, and deposition techniques
such as SDM, CVD and electrochemical deposition are some other methods used
to manufacture micro components [6].
In recent times, the micromanufacturing industry identified a tremendous emer-
gence of non-silicon materials namely metals, glass, ceramics, and polymers due
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Figure 1.2: Classification of micromanufacturing processes [3]
to their applicability in the microsystems, which is illustrated in Fig. 1.3 [13].
Specifically, the utilization of metallic materials in microcomponents is gaining mo-
mentum, largely because of their applicability due to the mechanical and electrical
properties (strength, ductility, electrical conductivity, etc). Also, the formidable
progress in the research of metal processing techniques towards miniaturization,
for which extensive process knowledge is available only on macroscales, encourages
the industry to adopt metallic materials [10, 14].
Figure 1.3: Materials in microsystems [13]
The processing of metals in microfabrication is commonly achieved by non-
lithography based techniques. Micromanufacturing processes related to metals can
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be classified into additive, machining, forming, and joining processes as seen in
Fig. 1.2. However, micromachining and microforming processes enjoy large signifi-
cance due to their wide range of processes compatible for various materials. These
techniques are typically characterized by their ability to produce 3D microfeatures
with high aspect ratio. Micromachining processes consist of mechanical cutting
(turning, milling, drilling, grinding, and polishing), Electro chemical machining
(ECM), Electric discharge machining (EDM), laser machining, electron beam ma-
chining, and ion beam machining. Micromachining processes are found to have one
or more of the following limitations: microtool fabrication, larger machining force,
chip removal, high tool wear, 2D material removal, relatively lower material re-
moval rate [13]. High aspect ratio tooling experience structural damages, requiring
high strength materials [15]. The larger cycle time and relatively lower production
rate of micromachining processes reduces their applicability in mass production.
Whereas, another category of micromanufacturing, namely the microforming pro-
cesses gained prominence in microfabrication industry due to their propensity for
mass production of components/features. The further attention of this chapter is
turned towards microforming.
1.2 Microforming
Microforming is defined as a manufacturing process to produce metallic parts or
structures in microscales in minimum two dimensions by plastic deformation with-
out any material removal or addition[10]. The suitability of microforming for mass
production is supported largely by the short process cycle time and the cheap pro-
duction cost. In addition, several factors including net shape production, better
mechanical properties of final components, and high production rate make micro-
forming an attractive option compared to the material removal or additive tech-
niques in microfabrication [14]. Microforming is further categorized into bulk form-
ing and sheet metal forming based on the product type (i.e) the geometry of the
workpiece and the required microfeatures.
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1.2.1 Bulk metal forming
Bulk forming processes involve large shape changes, low surface area to volume ra-
tio, compressive stress in all directions, large plastic deformation, and considerable
modification in cross section and shape [16]. It is broadly classified into forging,
extrusion, rolling and drawing processes [4, 16].
• Forging: A deformation process in which the plastic deformation of the work-
piece occurs by compressive forces applied through tool and dies. Forging
is further classified into open-die forging, impression-die forging, closed-die
forging, radial forging, orbital forging, upsetting, coining, hobbing, etc.
• Extrusion: It is a forming process by which the metal is squeezed through a
die opening by compression to form a long product of constant cross section.
• Rolling: It is a deformation process of reducing the thickness or modifying
the cross-section of workpiece by compressive forces exerted by a set of rollers.
• Drawing: It is a process in which reduction or change in cross-section of a
wire, rod or bar is achieved by pulling it through a die opening.
The various efforts for the forming of microparts by various bulk metal forming
processes has been reviewed by Geiger and Jesweit [10, 17]. In one of the earlier
attempts, Saotome and Inoue [18] demonstrated the microforging of amorphous
and superplastic materials by fabricating V-grooves of width ranging between 1
and 20µm. Cold forging has long been used to create metal parts of minimum
diameter up to 300 µm [10]. More recently, Li et al. [19] used radial forging to
create inner micro grooves on thin copper tubes. In case of microextrusion process,
Geiger et al. [10] achieved an extrusion of copper pins of 800 µm shaft diameter
with a wall thickness of 125 µm by a multi-stage forming operation. Extrusion of
amorphous alloys into microgear shafts up to 100 µm pitch circle and 10 µm module
were obtained through superplastic backward extrusion by Saotome and Iwazaki
[20]. Meanwhile, Wang et al. [21] developed a floating die design for forming
microgear through filling the die cavities by converting the frictional resistance
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force into a useful force through upsetting [21]. Krishnan et al. [22] developed
a forward extrusion technique to fabricate circular brass pins of diameter ranging
from 0.57 mm to 1.33 mm. Bohm et al. [23] demonstrated the cold embossing
of 500 µm thick metals such as copper, aluminum, steel, and brass to fabricate
features of 10 µm minimum and micro channels of 2.5 and 1 µm using silicon dies,
where the wear and failure of dies are apparent. Bulging of the material at the
structure rims and the inability of silicon dies to be used for high compressive
stresses are the few limitations of this process. Microprojections of 100 - 200 µm
diameter and 5 - 50 µm depth were made on the aluminum sheets of 2 mm thick
using the coining process by Ike and Plancak [24]. This process is limited by the
insufficient filling of the material and the surface damage. In these processes, the
common limitations are the precise alignment of the die and punch, difficulty in
making intricate die features, and the handling of components. As most of the
microsytems involved are made of sheets or foils as highlighted from Fig. 1.3, the
further emphasis is shifted to sheet metal forming.
1.2.2 Sheet metal forming
Sheet metal forming processes typically involve planar workpieces, high surface area
to volume ratio, localized deformation, and invariant cross-section. The deforma-
tion is usually achieved by the tensile forces in the plane of sheets [25]. They can
be broadly classified into bending, drawing, and shearing which hence comprise of
following processes: punching, blanking, deep drawing, bending, stretch forming,
creep forming, bulging, roll forming, stamping, embossing, vacuum forming, hy-
droforming, peen forming, spinning, rubber-die forming, superplastic forming, and
high-energy rate forming [26]. Schematic of a few sheet metal forming processes
are presented in 1.4. The following paragraphs describe some of the processes:
• Bending: A plastic deformation process by which metal is strained around a
straight axis. Some typical bending processes are V-bending, edge bending,
flanging, seaming, curling, hemming, corrugating, air bending, offset bending,
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tube bending, etc.
• Deep drawing: It is one of the most common sheet metal forming techniques
that is performed by placing the flat sheet metal over a die cavity and forcing
the metal into the die using a punch.
• Shearing: A metal cutting process involving shear force to cut the material
without the production of chips.
• Stretch forming: It is a process in which the sheet is clamped on its edges
and stretched to form a shape.
• Spinning: It is a process to create axisymmetric parts using a mandrel and
rounded rollers or tools.
• Rubber pad forming (RPF): Process by which the sheet is deformed between
a rigid tooling and a rubber pad.
• Hydroforming: Drawing of materials using a pressure medium (fluids) as
punches or dies.
• High-energy rate forming (HERF): Processes in which large amount of energy
is released in a very short duration to produce material deformation.
The theory and application of above-mentioned sheet metal forming processes are
well-established in mesoscale range. The applicability of various sheet metal form-
ing processes in manufacturing microcomponents and the associated process-related
issues have been investigated extensively in recent years. The major challenge to-
wards miniaturization effort is identified to be “size effects”, a behavior that induces
deviation in process characteristics as a result of scaling down the dimensions of
geometry [27]. Size effects are generally due to the following factors: surface to
volume ratio, microstructure, surface topography, surface tension, and adhesion
force. The miniaturization affects a wide range of characteristics related to the
material and process including flow stress, forming limit, anisotropy, formability,
fracture, process scatter, elastic recovery, tribology, and formed product surface
quality [10, 27, 28].
A major review of the microforming processes was communicated first by Geiger
et al. [10], which has been further expanded by various researchers [7, 28, 32–34].
Highlights of few important processes are discussed further below.
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Figure 1.4: Schematic of some common sheet metal forming processes (a) Deep
drawing [29] (b) Stretch drawing [29] (c) Embossing [30] (d) Hydromechanical deep
drawing [31] (e) Bending [25] (f) Incremental forming [25]
Micro deep drawing is a significant sheet metal forming process used to create
box, cup, and complex shapes. Saotome et al. [35] demonstrated the deep drawing
of steel sheets with 50 µm thickness using micropunch with diameters as small
as 500 µm. Vollertsen et al. [34, 36] established deep drawing of aluminum and
stainless steel cups of 1 mm diameter and 0.5 mm depth using a metal punch .
Microcups of 0.95 mm diameter were produced on 40 µm thick copper alloy using
micro deep drawing by Gong et al. [37]. Chen et al. [38] achieved micro deep
drawing of SUS 304 stainless steel sheets with thicknesses ranging between 20 µm
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and 150 µm using 2 mm punch diameter. Meanwhile, deep drawing of same SUS
304 sheets (20 µm thick) into microcups of 150 µm was achieved in two sequential
stages by Manabe et al. [39]. Erhardt et al. [40] proposed additional heating
of the blank to increase the material formability in deep drawing. Wrinkling of
components has been a major limitation in deep drawing, which is caused by the
compressive hoop stresses developed in the flange region. Hence, the control of
blank-holder pressure with respect to the drawing ratio is required to suppress
the wrinkling but the friction increases due to the blank holder pressure. Also,
the contact between the die and circumference of the blank-holder, which is non-
uniform, increases the wrinkling. In an attempt to eliminate wrinkling, resin dies,
blank-holder and an auxiliary sheet were used in the deep drawing of copper foils
by Marumo et al. [41]. This auxiliary resin sheet resisted the deformation and
prevented the wrinkling of drawn blank wall and flange. Friction in deep drawing
is typically higher due to the large surface area to volume ratio, especially at the
die radius and the flange, which affects the process performance [34]. In addition,
size effects increase the friction between the components in lubricated conditions.
Thus, Gong et al. [37] used DLC coating of dies and blank holders in micro deep
drawing of copper alloys to facilitate an increment of limit drawing ratio (a ratio
of maximum blank diameter to punch diameter) and a reduction in forming force.
High equipment and tooling cost has also been a major limitation with drawing
process.
Cold isostatic pressing of 3 µm thick copper and 2.5 µm thick AISI 304 stainless
steel to produce channels of curved, straight, concentric circles, and cross shapes
using silicon and resin dies, where black plasticine was used as the pressure trans-
mitting medium, has been investigated by Joo et al. [8]. Incomplete forming,
wrinkling, and plastic deformation of dies were observed while forming with the
resin dies. Microchannels of 10-20 µm width and 5-10 µm depth were achieved
using the silicon die but with limitations such as slip marks on stretched surfaces,
line traces along the side wall, thinning at narrow inter-channel distance, surface
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dents, and foil tearing due to sharp die edges. Single-point incremental forming has
been developed by Jeswiet et al. [42] using a spherical forming head and a blank
holder to induce local plastic deformation gradually and create complex shapes in
sheet metals. However, this process has limitations in terms of forming steep an-
gles, uncontrolled plastic deformation in processed areas, springback, complexity
of multiple tools, long cycle time, and the lack of accuracy.
The alternatives to the deep drawing are identified to be hydroforming and
rubber-pad forming. Hydroforming of sheets, where the rigid tooling is replaced
by the pressure medium is classified further into fluid forming and hydromechan-
ical deep drawing, in which the pressurized fluid replaces the punch and die re-
spectively [25]. The pressure medium in hydroforming results in the reduction in
friction, wrinkles, and fracture as observed in case of rigid punches with conven-
tional deep drawing. An improvement in formability and uniformity of formed
components is another characteristic of the hydroforming process. Forouhandeh
et al. [31] conducted an overview of hydroforming process in both macro and mi-
croscales. In an earliest attempt to deploy hydroforming in microapplications, Koc
and Mahabunphachai [43] formed microchannels of fuel cell bipolar plates (width
- 0.46 to 1.33 mm; height - 0.15 to 0.98 mm) on 51 µm thick SUS304 steels. The
limitation of producing larger aspect ratio features (greater than 0.5) due to the
large amount of required hydrostatic pressure was addressed by Hung and Lin [44]
through designing a two stage high pressure hydroforming system to fabricate mi-
crochannels of 0.75 mm width and height on 100 µm thick SUS304 steels. Most
recently, Forouhandeh et al. [31] demonstrated microhydroforming of 300 µm thick
CuBe2% alloy to produce microcups of about 5 mm diameter. Though one of the
rigid tooling in conventional deep drawing is eliminated with hydroforming, the
process cycle still remains large due to the increased complexity with changing the
dies [25].
Rubber-pad forming replaces either one of the rigid tooling, die or punch, with
a flexible rubber material. Though the application of rubber pad forming in mi-
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croscales appears to be limited, few attempts are reported in the literature. Specif-
ically, the issues with hydroforming to fabricate asymmetric microchannel features
of bipolar plates have been addressed better by the rubber pad forming. Liu and
Hua [45] produced bipolar plates having microchannels of 500 µm depth and 800
µm width on SUS304 stainless steel sheets of 100 µm with rubber pad in place of
female die. Peng et al. [46] achieved the similar forming capabilities by introducing
a rubber pad between the rigid punch and the die over the metal sheet. Rubber
pad forming was extended to other materials, Al 1050 alloy [47, 48] and titanium
[49] (channel width - 800 µm, depth - 400 µm) as well. In spite of the improved
formability and reduced tooling cost with rubber pad forming, it is largely limited
by the low production rate. It is also noticed from the above processes that the
typical deformation sizes were approximately 500 µm, which are quite large for
the emerging microfabrication needs. In addition, the process knowledge of rubber
pad forming in microscales is limited despite its availability in macroforming (as
detailed in chapter 2).
This discussion of potential microforming techniques highlighted significant is-
sues that should be addressed for the improvement, implementation, or develop-
ment of microforming techniques in microfabrication applications. The further
section summarizes the forming issues.
1.2.3 Limitations of existing forming processes
This section compiles the common limitations with the sheet metal forming pro-
cesses pertinent to the deformation in microscales. The fundamental failure modes
of sheet metal forming are determined to be fracture, wrinkling, springback, and
surface defects [25, 50]. It is identified that deep drawing and its derived processes
are amongst the most commonly used techniques to produce microcomponents.
Generally, the following defects are experienced in deep drawing of sheet metals:
earing, distortions, wrinkles in the flange and wall, tearing, bucking, scratches,
folding, and excessive thinning, as shown in Fig. 1.5 [25, 29, 50, 51]. It is apparent
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from the discussion in section 1.2.2 that, these failure modes were also observed
during the microforming efforts, as seen from Fig. 1.6.
Figure 1.5: Common defects in sheet metals during forming process [50] (a) Wrin-
kling (Flange) (b) Wrinkling (Wall) (c) Tearing (d) Earing (e) Surface defects
Figure 1.6: Limitations in microforming processes [8, 36, 52] (a) Bottom fracture
(b) Flange wrinkling (c) Wall wrinkling (d) Tearing (e) Slip marks (f) Dented ridges
(g) Incomplete filling
Friction between the process components is another major limitation with the
forming processes as the friction and wear of parts have detrimental effects on the
process outcome. For example, in deep drawing process, the friction is developed
between the following interactions: punch and workpiece, blankholder and work-
piece, and die and workpiece, which induces undesirable residual stresses on the
formed surface and so the flow stress. Friction also affects the surface finish of
the work surface after forming. Significantly, expensive forming tools experience
wear due to friction causing dimensional inaccuracy on the formed parts [16]. In
order to increase the wear resistance of dies and punches, either specific coatings
(DLC) [37, 53] or surface finishing of dies using ion beam irradiation [53, 54] are
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required, which are expensive and time-consuming. In addition, with friction being
system and size-dependent, predicting the process outputs through simulation will
be difficult especially when frequent changes in substrate materials and geometry
are required. Springback is another significant limitation that is observed in most
of the sheet forming processes affecting the dimensional accuracy of the formed
part.
In reference to the forming at microscales, the above-mentioned forming issues
show significant prominence as a result of the size effects. An increase in friction
is observed with the reduction in the blank size due to the size effects [10, 16].
Miniaturization typically increases sheet thinning due to the decreased material
anisotropy, reduction in flow stress, and increase in friction [10, 13]. Large number
of influential factors on miniaturization increases the process complexity. The
other issues existing with sheet metal forming processes used for microfabrication
are listed below:
• It is hard to make intricate contours by forming processes like cutting and
casting operations.
• At micro levels, machines and tools are required to possess high precision
with narrow tolerances.
• Handling and alignment (accurate positioning) of dies and punches.
• Accurate feeding of sheets to sub-micron accuracy is challenging, especially
in case of progressive forming.
In summary, the limitations with the sheet metal forming processes can be broadly
classified into manufacturing-related and the process-related issues as represented
in Fig. 1.7. Typical manufacturing issues are related to the process flexibility, cycle
time, fabrication of tools, tool wear, and handling and alignment of process com-
ponents. The limitations with thickness distribution, elastic recovery, component
failure, friction and wear, and process modeling can be termed as process-based or
material based issues.
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A holistic analysis of the limitations in these two categories revealed that the
source for most of the identified issues can be narrowed down to two factors: pro-
cess formability and effect of dies and punches. Firstly, the issues such as material
failures, springback, thinning, surface integrity of formed components, and diffi-
culty in forming high strength materials are partially attributed to the formability
issues corresponding to the process and material.
Secondly, but significantly, the influence of die/punch is identified with the
fact that most of the listed processes involve die/punch patterns of required ge-
ometry, and the components are formed by replicating the patterns.the effect of
dies/punches. The following points details the pertinent issues related to die and
punches:
1. Primarily, the manufacturing of tools, especially the complex inner geome-
tries of dies, has always been a problem with forming processes [6, 10, 15, 16,
51, 55]. Moreover, the fabrication of microdies and micropunches, especially
the intricate or inner features, is one of the key challenges in the microfabri-
cation industry [33, 34]. Typically, microtool fabrication is achieved by the
techniques including: Ultra-Precision Micromachining (UPM), electron beam
lithography, micro-Electrical Discharge Machining (EDM), LIGA, and laser
ablation [6, 7, 56]. Not only that the tool fabrication is time consuming and
expensive, it is increasingly difficult in case of complex microstructures.
2. In addition to the fabrication factors, the friction in the system is largely
dictated by the contact of blank with die and punch, which further influences
the flow stress and material formability. The influence of tool wear signifi-
cantly affects the formed surface quality. Though processes like hydroforming
and rubber pad forming eliminates either die or punch to produce features,
the processes still involve large amount of interaction involving blank with
die/punch.
3. In the emerging microfabrication industry, the flexibility of the process to
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produce different components/features in short time with reduced cost has
been a major requirement. The expensive and time-consuming fabrication of
dies/punches will probably affect the process flexibility.
4. The process cycle time is significantly larger with the usage of dies and
punches due to the increased complexity in the alignment of tools, in ad-
dition to the tool fabrication duration.
Figure 1.7: Summary of limitations with sheet metal microforming processes -
Research motivation
The development of new fabrication techniques requires attention on the dis-
cussed aspects.
There is a comparatively newer branch in sheet metal forming, high velocity or
high strain rate forming, in which deformation of materials is achieved at strain
rates typically greater than 104s−1 [57]. These processes are classified by the elec-
trical, chemical, or mechanical means of energy source. A significant improvement
in material formability is demonstrated by these processes (explosive forming, elec-
tromagnetic forming, electrohydraulic forming) mainly due to the difference in
deformation mechanisms at high strain rates, in comparison to quasi-static form-
ing techniques reported earlier. However, the capabilities of high velocity processes
have so long been restricted to deformation only at macroscales. Meanwhile, with
the advent of lasers as the energy sources recently, the high velocity forming em-
barks into microfabrication applications [58, 59]. As laser technology has been
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reliable, easily controllable, and precise, it is an ideal choice for microscale fabri-
cation. Despite the benefits with high strain rate forming with laser systems, the
process still requires the die patterns to fabricate microfeatures, which introduces
the limitations mentioned previously in Fig. 1.7. Hence, there is a necessity to
develop new techniques/processes without dies or punches, that are fast, reliable,
flexible, and suitable for variety of materials to produce microdeformation features.
It forms the motivation for this research work.
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1.3 Research Objectives
The major objectives of this research work are as follows:
• Developing a novel mold-free forming process for the fabrication of three
dimensional micro-features on a variety of thin metallic materials.
• Studying the underlying process mechanisms and predicting the process be-
havior.
1.4 Scope
1. Development of a microforming process without rigid tooling (die/punch)
using laser energy as the source for the plastic deformation of metals. The
feasibility and flexibility of the proposed technique to fabricate microsize
features on metal foils are examined to establish the process.
2. Detailed parametric analysis of the process to understand the influence of
different process variables on the characteristics of the final deformation fea-
tures, that is essential for the improvement of process capability and process
modeling.
3. Analysis of different process mechanisms involved in the process
(a) The evolution of laser-induced plasma with time was studied using a
high-speed camera visualization as the principle mechanism behind the
loading energy is the formation and propagation of plasma upon laser
irradiation.
(b) The formability of the material at the high strain rate forming process is
investigated through characterizing the deformation features, percentage
thinning and hardness at the surface and the cross-section.
(c) Microstructural characterization of formed features to study the plastic
deformation mechanism experienced.
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4. Process modeling using computational simulation methods for the prediction
of system response to the input variables and to study the process behavior
that are difficult to observe by experimental techniques.
1.5 Thesis Outline
Following the introduction of research background in this chapter, the thesis starts
with the critical review of various high strain rate sheet metal microforming pro-
cesses and their potential applicability in the microscales in Chapter 2. Chapter
2 also discusses process mechanisms involved and the process modeling approach.
Chapter 3 examines the feasibility of the proposed microforming technique, Flex-
ible Pad Laser Shock Forming (FPLSF) to fabricate microfeatures with different
sizes and geometry through plastic deformation of thin metallic foils. In addition,
the influence of different process variables on the process outputs are investigated
in detail. In chapter 4, the laser-induced plasma evolution, which is one of the
significant process mechanisms in the developed process is evaluated with respect
to the significant process parameters. Then, the plastic deformation characteris-
tics of metal foils in the high strain rate FPLSF is studied through the mechanical
properties and microstructural characterization in chapter 5. Finally, the modeling
strategy using finite element simulation for the process prediction and analysis is
explored at chapter 6. The major conclusions of this thesis along with the sugges-
tions for the further research are presented in chapter 7.
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Chapter 2
Literature Review
This chapter reviews the relevant literature on sheet metal forming at high strain
rates, in particular the processes using lasers as the energy source. The correspond-
ing process variables and process mechanisms are discussed further. Subsequently,
the modeling aspects of high strain rate processes are reviewed.
2.1 Rubber pad forming
As the objective of this research work focuses on developing processes without
rigid tooling, it will be beneficial to study the existing processes which success-
fully replaced at least one of the rigid tools in the forming. Apart from the high
strain rate techniques, the other such processes are hydroforming and rubber pad
forming which were discussed briefly in chapter 1. Rubber pad forming provides
considerable scope for compliance and further improvement in comparison to the
hydroforming process. Thus, RPF is reviewed for process behavior, advantages,
and limitations, which can be reflected upon the new process development.
Rubber pad forming, also called as Guerin process, is the process in which con-
ventional male or female die is replaced by a flexible rubber material to form sheet
metals into shapes corresponding to the die pattern. The process setup is illus-
trated in Fig. 2.1 [60]. Rubber pad forming has long been used in manufacturing
industry through embossing, bulging, shearing, and forming [61]. The application
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Figure 2.1: Schematic of Rubber pad forming process [60]
of this process ranges from the production of aircraft panels in the early days using
polychloroprene pads to the fuel cell bipolar plates in the recent times. In RPF, the
incompressibility of the flexible material plays a significant role in the deformation
of sheets. Thiruvarudchelvan [62] used urethane pad, which can withstand maxi-
mum of 150°C temperature as the male die, to produce ashtrays from copper, brass
and aluminum sheets. The two significant process variables, namely the hardness
and thickness of the rubber pad material, are analyzed further.
2.1.1 Rubber pad material
In rubber pad forming, materials such as natural rubber, silicone rubber, and
polyurethane rubber are commonly used as the rubber pad [45, 60, 61]. Ramezani
et al. [60] compared these different materials and identified that the silicon rubber
required lower punch load but is limited by its lifetime and inability to make sharp
edges. Polyurethane rubber has a larger lifetime and produced sharper blank edges
with lower thinning of sheets, thus making it appropriate for larger number of
loading cycles. Thiruvarudchelvan [62] observed that the drawing was dominant
compared to stretching for softer pads, but wrinkling of sheets occurred due to the
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insufficient blank holding force.
Liu et al. [45] revealed that the hardness of rubber plays no significant role in the
formability of blank, when testing two different grades hardness of polyurethane
rubber. The von Mises stress distribution in the blank and the die filling ratio
remain unchanged with the change in hardness. Peng et al. [63] observed in
flexible punching process that the stress profile and thickness distribution of formed
blank did not vary significantly with the rubber hardness. A similar behavior was
also identified with the flexible forming of stainless steel sheets using polyurethane
rubber pads [46]. In contrary to the previous findings of insignificant influence
of rubber hardness on deformation process, Dirikolu and Akdemir [64] found the
maximum von Mises stress of the blank to increase along with the increase in
rubber hardness.
Recently, Wang et al. [65] developed laser dynamic flexible forming, in which
a rubber pad is placed between the ablative overlay and the substrate. Contrary
to Liu’s [45] results, it was found that the filling capacity of rubber increases at
the lesser hardness resulting in higher deformation depth. However, if the rubber
is too soft, the surface quality of the blank will be affected due to the reduction
of homogeneous pressure [65]. Lim et al. [48] also observed an increase in form-
ing depth with the reduction in rubber hardness as the corresponding increase in
counter pressure facilitated the metal flow into the die. In sheet metal punching us-
ing urethane elastomers, an optimum urethane hardness was prescribed by Watari
et al. [66] due to the insufficient punching with the hardness either too small or
too high. Del Preta et al. [67] found that, though the variation in hardness had no
influence on plastic strain distribution, it affected the fillet radii formation signifi-
cantly. In rubber-assisted hot embossing of ABS film by Nagarajan and Yao [68],
the rubber pad hardness played a significant role in the embossed film uniformity
as an increase in shore hardness of rubber pad improved the uniformity of the film
thickness.
Though the effect of rubber pad hardness on the deformation depth in rubber
21
pad forming processes has been studied extensively, there were only few studies
on the thickness distribution of the formed features. Son et al. [47] observed a
reduction in thinning of aluminum sheets with increase in rubber hardness. Con-
trarily, more thinning of sheets was observed with the increase in rubber hardness
during the rubber pad forming of aluminum sheets by Ramezani et al. [60]. It is
evident from the results that the hardness of the rubber pad affects the thickness
distribution of the formed feature.
From the above mentioned research works, the hardness of the flexible rubber
material is found to have significant influence on the stress-strain distribution of
metal blanks, deformation feature geometry, and the mechanical properties of the
deformed workpiece.
2.1.2 Rubber pad thickness
The thickness of the rubber pad is a significant process parameter in the rubber pad
forming processes. The minimum thickness of the rubber pad is prescribed to be 2
or 3 times greater than the forming depth in rubber pad forming [61, 69]. In laser
dynamic flexible forming, the deformation depth on the metal foil decreased with
increase in rubber pad thickness [65]. However, if the thickness is too thin, both
the formed workpiece and rubber pad experienced damage, which was attributed to
the reduction in laser energy deposition smoothing. Similarly, in flexible punching
process, optimum thickness of rubber is required to achieve an efficient punching
[66]. The deformation depth was found to be increased along with the increase
in rubber pad thickness up to a certain threshold after which the deformation is
saturated [48]. Thus, it is evident that there exists an optimum pad thickness to
maximize the deformation depth.
2.1.3 Advantages and limitations
The advantages of using flexible dies are [45, 60, 62],
• Improved formability due to the flexible contact between the die and rubber.
22
• Uniform pressure distribution because of the hyper-elastic properties of rub-
ber.
• High part dimensional accuracy and excellent surface finish.
• Ability to fabricate various feature shapes using the same flexible pad, in-
creasing the process flexibility.
• Easy alignment and replacement of dies.
• Reduction in sample thinning and friction.
• Low tooling cost.
The limitations of rubber pad forming are listed below:
• The major disadvantage of this process is its low production rate and inept-
ness for mass production [70].
• Inability to fabricate sharp and deep features [70].
• Compression of the rubber is an influential parameter whereas severe com-
pression will lead to the fracture of forming sample [71].
• Non-uniform thickness distribution was observed when there was an excessive
friction between the workpiece and the rigid die [45].
• The other limitations include lower working temperature, lesser number of
cycles the rubber pad can be used, and the need for higher press capacity as
compared to rigid dies.
• Despite the elimination of one of the die/punch, the friction between the
blank and the rigid tool produces undesirable effects on deformation profiles
and their surface quality.
2.2 High strain rate metal forming
Manufacturing processes such as machining and forming are characterized by dif-
ferent terminologies such as cutting speed, deformation velocity, stroke rate, and
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strain rate, depending on the process attributes. The forming processes are typi-
cally characterized by strain rates as opposed to cutting speeds in machining pro-
cesses. Thus the term “high strain rate” is used commonly to define the forming
processes instead of “high energy-rate” or “high velocity”. The strain rate is defined
by the rate of change of strain, ε˙ = dε/dt which is related to the deformation speed
(v) as ε˙ = v/h where h is the instantaneous height of the deforming sample. A
classification of forming processes based on the strain rate is displayed in Fig. 2.2
[57]. Processes that involve strain rates of 102 - 107 s−1 such as electromagnetic
forming, explosive forming, and laser shock forming are termed as high strain rate
processes. High speed forming possess significant advantages to the low (ε˙< 10−1
s−1) and intermediate (ε˙ ~ 10−1 - 102 s−1) strain rate forming processes in terms
of formability and process time.
Figure 2.2: Comparison of strain rates of forming processes [57]
The conventional forming processes are classified as intermediate strain rate
forming where the loading is assumed to be quasi-static. The flow stress of the
material typically increases after yielding due to the concurrent material strength-
ening in quasi-static conditions. The flow stress increases with an increase in strain
rate due to which localized necking is inhibited and the material undergoes large
elongation before fracture [16].
Electromagnetic forming is a process that uses a pulsed magnetic field interacting
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with the induced eddy current to produce Lorentz force, which acts as the loading
force on the sample [72], as shown in Fig. 2.3. The current passing through the
actuator coil generates a magnetic field around it which results in the formation
of eddy currents and hence magnetic fields in the workpiece. These two magnetic
fields repulse each other and force the sample in the opposite direction. This process
is limited to the electrically conductive materials such as aluminum and copper.
However, low conductive materials can be formed with the aid of a conductive
band [73]. Hybrid processes, combining electromagnetic forming with deep drawing
to fabricate high aspect ratio features on aluminum sheets have been developed
by Risch et al. [74]. Recently, Shang et al. [75] implemented electromagnetic
forming to fabricate bipolar plates with stainless steel foil using a conductive driver
plate and the compliant layer. Nevertheless, it has limitations in terms of process
flexibility, loading of tool coil, poor efficiency, and safety aspects.
Figure 2.3: Schematic of electromagnetic forming [72]
Explosive forming uses explosive charges to create high-energy rate and forces
metal sheets into a die cavity by a generated shockwave, as shown in Fig. 2.4
[4]. Despite its suitability for flexible shapes, it has longer cycle time compared
to electromagnetic forming and is suitable only for low volume production of large
parts. Safety of this process has been its obstacle. Furthermore, failure and wear
of dies is found to be a significant process limitation. Electrohydraulic forming
is another high strain rate forming process in which the shockwave is generated
through a rapid discharge of energy between two electrodes.
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Figure 2.4: Schematic of explosive forming [4]
2.2.1 Advantages and limitations
Amajor advantage with forming at high strain rates is the elimination of springback
effect, which is a common issue with the quasi-static forming processes. Springback
of formed components will be reduced when the sheets impact the rigid die at high
velocities, due to the relaxation of elastic strains as a result of propagation of
plastic waves through the sheet thickness [76]. The mechanisms occurring at the
micro and atomic levels during plastic deformation are detailed in the latter part of
this chapter. The other benefits of high strain rate forming are summarized below
[57, 72, 76–78]:
• Improved formability and ability to make intricate and fine features.
• Suitable for forming large components, resulting in cost reduction.
• High-strength materials that are difficult to be processed by quasi-static pro-
cesses can be formed.
• Reduction of sample wrinkling due to momentum of sheets during forming.
• High accuracy of the formed features.
• Restriction to imperfections growth due to the inertia.
• Improved strength after forming.
• Reduced cycle time and higher productivity.
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• Increase in fatigue strength.
However, there are limitations with extremely high velocity, as it will induce di-
mensional inaccuracies due to the rebouncing off the parts [76]. Especially, the
sudden deceleration of material upon impact with dies causes inadvertent elastic
recovery affecting the final component geometry [57].
2.3 Laser-induced plastic deformation
The application of laser system as the energy source in high energy-rate process
has been a major breakthrough in both high strain rate forming and laser material
processing fields. Laser systems have been extensively used for various applications
over the past decades. In terms of forming processes, laser induced shockwaves act
as the main driving force in material deformation. Laser induced shock waves serve
to cater applications such as fatigue behavior improvement, bending, and plastic
deformation of metallic materials.
The mechanism of laser-induced shockwave formation is identical irrespective of
the intended application of the shockwaves. An introduction of the mechanism is
given as follows: The target material is coated with a sacrificial coating. A high-
power laser beam is irradiated on the coating, which is vaporized instantaneously
into high-pressure plasma. The expansion of plasma induces shockwaves towards
the target, which undergoes deformation once the yield limit of the target material
is reached. The plasma expansion is restricted by a confinement medium, increasing
the shock pressure magnitude and duration. Depending upon the thickness and
backing support of the target, the processes using laser-induced shock waves can be
categorized generally into laser shock peening or laser shock forming. If the material
is bulk and the plastic deformation of few layers of the surface is experienced, the
process is called as laser shock processing or laser shock peening or laser peening.
Meanwhile, if the material is a sheet or a foil having small thickness, it is termed as
laser shock forming, where the shockwave propagates through the sample thickness
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and the plastic deformation of an entire thickness is observed similar to conventional
sheet metal forming processes like deep drawing or bending. To deform the sheet
metal into a required shape and size, the sample is placed over a die pattern such
that the die cavity is covered by the sample. Laser-induced shock processes will be
discussed in detail in the following sections.
2.3.1 Laser shock processing
Laser shock processing/ laser shock peening (LSP) of sheet metals is a well-established
process using laser induced shock pressure in manufacturing industry, for fatigue
strength improvement of components (eg: aerospace components). Laser shock
peening is a technique to induce compressive residual stress distributions in the
bulk metal surface as illustrated in Fig. 2.5. With the emergence of MEMS field,
LSP has been used in microcomponents to improve the fatigue and wear resistance
of components. Zhang et al. [79] used 90 µm thick copper foils for laser shock
processing where the compressive residual stresses were induced up to 70 µm into
the foil. Furthermore, Zhang et al. [80] achieved an improvement in compres-
sive residual stress on 1 to 3 µm thin copper films through microscale laser shock
peening.
Figure 2.5: Schematic of laser shock peening process [81]
The deformation of metal targets upon laser shock loading is a result of two
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subsequent different modes of deformation, elastic or early deformation mode and
late or large deformation mode, which depend upon the laser energy, confinement,
and the specimen thickness [82]. Fig. 2.6a illustrates the propagation of various
elastic waves, dilatational wave, shear wave, von Schmidt wave, and Rayleigh wave
into the target thickness upon uniform loading conditions. It can be observed that
the reflected dilatational wave causes elastic deformation of rear surface along its
propagation direction. The region envelops the shear waves possess highest distor-
tional energy, causing the onset of yielding from this region. Fig. 2.6b illustrates
the late deformation mode in pure-plastic (top) and elastic-plastic (bottom) condi-
tions. Dilatational plastic wave propagates first and causes change in volume. This
dilatational wave is then coupled to the transverse plastic wave, causing a change
in shape. In elastic-plastic conditions, both the dilatational and transverse plastic
waves have corresponding elastic counterparts.
Figure 2.6: Deformation modes in thin material (a) Elastic wave propagation (b)
Plastic wave propagation [82]
2.3.2 Laser-induced shock pressure forming
The technology of laser shock wave is used not only for surface modification or
strength enhancement but also for creating 3D shapes. Forming of 3D micro com-
ponents using laser-induced shock waves has attracted attention in recent times
due to its microscale precision, localized laser beam control, repeatability, flexibil-
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ity, and compatibility with a variety of materials. This section reviews the sheet
metal forming efforts using laser-induced shockwaves as the loading source.
Zhou et al. [59] first implemented the laser-induced shock wave in sheet metal
forming to create 3D features. The mechanism of laser shock forming is similar to
laser shock peening except that the bulk target material is replaced with a thin
metal sheet and is supported by an open die. The schematic of laser shock forming
process is shown in Fig. 2.7. A high strain rate (107 –109s−1) forming process
using laser shock waves was demonstrated for 0.3 – 0.9 mm thick austenitic and
ferritic stainless steel sheets by the same research group [83, 84]. A high power
Nd:YAG laser with 8 to 30 J pulse energy was used to deform the sample which
contained black paint as the sacrificial layer. In addition to plastic deformation,
laser shock forming introduces strain hardening and compressive residual stresses
on both surfaces of the deformed samples, resulting in an obvious improvement in
fatigue and corrosion resistance [83].
Figure 2.7: Schematic of Laser Shock Forming [85]
Niehoff and Vollertsen [86] demonstrated similar forming processes, laser deep
drawing and laser stretch forming, to obtain plastic deformation of metal sheets.
The difference with laser deep drawing compared to LSF is that, no sacrificial
coating is used for plasma formation in this process. The laser is irradiated directly
on the metal sheet surface and ablation of few layers on the irradiation side is
vaporized into plasma. Initially, aluminum sheets of 50 µm were formed into domes
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with 1.4 mm diameter and height up to 250 µm, as seen in Fig. 2.9a [86]. Later,
the process was used to form copper, aluminum and stainless steel sheets of 20
µm thickness into a spherical cup of 1 mm depth using a TEA-CO2 laser [87].
Higher ductility of copper resulted in lower strain rate, crack initiation delay, and
1.5 times smaller cup than aluminum for the same process parameters. In addition,
for similar processing conditions, aluminum foils experienced deep drawing whereas
copper and stainless steel samples experienced stretch forming. This behavior can
be attributed to their difference in mechanical properties. For 50 µm thick stainless
steel, irradiated surface was damaged with no deformation even at 700 pulses, due
to higher yield strength of the material. Undercut features were also produced
using this technique, in which the die diameter had an influential role [88].
Gary et al. [89] broadened the application of laser shock forming with their
technique, Laser Dynamic Forming (LDF), by employing mold cavity behind the
metal sheets instead of open dies in laser shock forming and laser deep drawing.
The schematic of LDF is presented in Fig. 2.8a. Deformation of metallic foils
into a micromold of size ranging from 10 to 250 µm has been observed where
the microfeatures conformed to the mold size [89]. Different feature sizes and
shapes can be fabricated by employing the corresponding die patterns [90, 91].
During LDF, material is subjected initially to bending and shearing, followed by
stretching and necking. Maximum von Mises stress in the foil was observed around
the periphery of mold cavity as the flow of material was confined at the edges.
When the material collides with the bottom of the mold, it undergoes hardening
and the transient strain rate is greater than 1 x 106s−1 [90]. After LDF, a significant
increase in high dislocation density regions, grain size uniformity, and subgrain
structures were observed, resulting in an improved mechanical properties [89]. An
example of features produced by LDF, micro square array patterns is shown in Fig.
2.9b. LDF can be used to realize the fabrication of micro and nano scale features on
brittle and ductile metallic materials, functional materials with elastomeric layers,
and graphene films [90, 92–94].
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Figure 2.8: Schematic of (a) Laser dynamic forming [91](b) Laser shock forming
using flyer system [95] (c) Laser shock embossing [96]
Zhou et al. [97] implemented a novel flyer system over the laser shock forming
process. In the new development as illustrated in Fig. 2.8b, a laser driven flyer
has been used to impact the sample with high acceleration due to the ultrahigh
pressure developed by the thermodynamic irradiation of the laser pulse on the flyer
surface. Submicron features (~1 µm) were replicated on a 15 µm thick aluminum
foil using a micromold. Simulation results revealed that the deformation velocity
of the workpiece increased as a result of the impacted flyer [95]. high laser powers
could lead to the damage of sample and mold, which will prevent the mold from
further utilization. Though a sharp-edged micromold was used, the process could
not replicate the sharp edges as identified from Fig. 2.9c. Another limitation with
the flyer system is the difficulty in maintaining a close contact between the flyer and
the confinement. Another technique, laser shock embossing [2.8c], which is similar
to laser dynamic forming, was developed by Liu et al. [96] to form micro channels
of 260 µm x 59 µm and complex 3D microstructures on 10 µm thick copper foils
using a micromold, as seen in Fig. 2.9d. Deformation features with high spatial
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resolution and non-thermal loading are characteristics of this technique.
There exists another category of laser-induced shock process, Laser Peen Forming
Figure 2.9: Microfeatures produced by various processes (a) Laser deep drawing
[86] (b) Laser dynamic forming [91] (c) Laser-driven flyer system [97] (d) Laser
shock embossing [96]
(LPF), an athermal process, in which the moment induced by the residual stress
acts as the deformation force. The process has similar components such as an
absorptive layer and confinement layer, shown in Fig. 2.10 as energy transforming
medium. The distribution of the stress field on both surfaces of the metal sheet
upon ablation of few layers with laser irradiation induces a bending moment that
deforms the metal, as illustrated by Ocana et al. [98] in Fig. 2.11. Bending
angle up to 20° was achieved progressively on 75 µm thick steel sheets without
a confinement upon irradiation of the graphite overlay using Nd:YAG laser with
energy densities ranging from 4.8 - 6.5 GW/cm2 [99]. An increase in bending angle
was observed with an increase in laser wavelength and number of passes initially
and saturates later due to the absence of coating and the strain hardening effect
[100]. Compared to the laser forming, LPF is a non-thermal process as it causes
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no heat affected zones and no metallurgical changes after the process. This process
requires lesser laser pulse energy compared to that of LSF as there is no plastic
deformation of the entire thickness but only few irradiated surface layers.
Figure 2.10: Schematic Laser Peen Forming mechanism [101]
Figure 2.11: Bending of sheets by laser forming [98]
Laser peen forming can be used for shape and position adjustments of micro-
components made of temperature sensitive materials. Another application of laser
shock processing is precise metal shape-righting, e.g. the correction of the curvature
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of sheet metals. When the stress of upper surface is larger than that of bottom sur-
face there will be convex deformation, otherwise it will be concave [102]. However,
LPF is limited by its inability to produce complex features.
A flexible forming process to produce shallow 3D features (2.5 mm deformation
depth) on Al alloy sheets (700 µm thick) using laser shock energy was reported by
Zhang et al. [103]. Laser shots are overlapped to produce the structures as shown
in Fig. 2.12. This process follows two sequential steps to achieve the required
feature shape: a) Rough forming, during which total forming with depth equivalent
to h-∆Z is realized, b) Fine forming, during which the laser head shocks on the
protruding area step by step along the vertical axis. The distance moved by the
laser head (∆Z) is found to control the deformation depth. However, no information
on the backing support for the sheets was provided. Without any support, this
process may not be suitable for thinner foils as it may induce wrinkling of foils.
Figure 2.12: Flexible laser shock forming with overlapped laser shots [103]
2.3.3 Advantages and limitations of existing processes us-
ing laser-induced shock pressure
The laser-induced processes possess almost all the benefits of high strain rate pro-
cesses as mentioned in section 2.2.1. In addition, with lasers being precise, fast,
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controllable, and repeatable, the process flexibility and cycle time are greatly im-
proved. Also, micro and nanoscale deformation are easily controllable with lasers
which are difficult with conventional high strain rate processes.
Comparing all sheet metal forming processes that works based on the principle of
laser-induced shock pressure including laser shock forming, laser dynamic forming,
laser shock embossing, laser deep drawing, and laser shock forming using laser-
driven flyer system, the following common limitations are observed:
• Using laser shock wave as the deformation force, only one of the rigid tooling
is replaced in comparison to conventional forming processes as the microfea-
tures are replicated from the die pattens. The presence of rigid dies involves
a vast range of problems as detailed earlier in chapter 1 include primarily the
fabrication of microdie patterns, large process cycle time, surface integrity,
and tool wear. Though the friction between the sample and punch is elimi-
nated by the non-contact shock force, the friction is still present in the system
due to the interaction between the die surfaces and material, which could in-
fluence the quality of formed features, die wear, and the process modeling. In
addition, the process flexibility is significantly affected which will restrict the
process to be deployed in mass customization environment where a frequent
change in product features is required.
• When the feature size becomes much smaller, the alignment of microdies and
laser spot is increasingly difficult. It also adversely affects the process cycle
time.
• There is a possibility of damage to the die patterns and feature surface at
higher laser powers.
The motivation to create a new flexible forming process without die patterns using
laser-induced shock energy has been complemented by the aforementioned limita-
tions. So, it is imperative to develop a process to produce reliable microfeatures
on metallic surfaces using laser shock pressure as a forming tool.
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2.4 Laser material processing
For better understanding of the laser shock forming process and its parameters,
the process is classified based on different mechanisms involved.
2.4.1 Absorption
The processing of materials using laser beam depends upon various process vari-
ables, which can be broadly classified into laser-based and target material-based
parameters, as illustrated in Fig. 2.13 [104]. Upon contact with the opaque sur-
face, the consumption of laser beam energy is split into absorption, reflection, and
transmission. Especially, absorption of laser beam by the target is influenced by
the following factors [105]: material properties, surface roughness, oxide forma-
tion, laser beam properties such as the pulse energy, pulse duration, and the beam
wavelength, etc. During the irradiation, absorption of only a small layer of surface
occurs, which is called as the skin depth or characteristic penetration depth. Skin
depth is the thickness of the target up to which the electromagnetic radiation pen-
etrates with a reduction in intensity of the light by a factor of e from its initial
value [105]. Skin depth is defined as,
δ′ = W = 1
piσeµmν
(2.1)
where, σe is the electrical conductivity (s/m), µm the magnetic permeability
(H/m), and ν the frequency (Hz). The penetration depth can also be defined as
W = C/2νn where C = 3 x 108 m/s and n the refractive index [106].
At constant wavelength, the absorption increases with an increase in tempera-
ture. If the roughness of the target surface increases, the reflectivity will be reduced
and there will be more diffusion. Though the materials have high reflectivity ini-
tially, it will reduce after the laser irradiation starts which is due to the better
coupling with the material [107].
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Figure 2.13: Laser Material Processing - process parameters [104]
2.4.2 Heating, melting and vaporization
The resultant process on the target due to laser irradiation depends on the induced
temperature at the target surface. If the temperature is less than the melting
temperature, only heating of the surface will occur. If the temperature is between
the melting point and boiling point, melting of the target surface will happen. The
melt depth increases with an increase in laser intensity and pulse duration [108].
At shorter pulses (femto and picosecond), there is no time for the conduction of
heat into the target, which is useful for precise machining.
Vaporization of the surface occurs if the temperature reaches the boiling point.
The vaporization depth depends upon the power density, pulse duration and ma-
terial parameters. The vapor formed at the surface induces the recoil pressure on
the target surface, which plays a significant role in material removal from the irra-
diation region [108]. At high intensity and the interaction time (pulse duration),
vaporization occurs only when a small amount of material has melted. If the laser
intensity is less than 1 GW/cm2, thermal properties of the absorbent material af-
fects the peak pressure [109]. Usually, temperatures up to 10000°F are generated
when the high power laser beam hits the target, causing instant vaporization of
material with laser irradiation [110].
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2.4.3 Plasma formation
Interaction of laser beam with the vapor results in an ionization of vapor, inducing
plasma. The formation of plasma depends on the intensity of the laser beam as
explained below [111]:
• At low intensity, laser beam penetrates the vapor that acts like a thin medium,
created by the leading edge of the beam, without losing its energy. The laser
beam hits the target, and subsequently conducts the heat, melts and vaporizes
the material.
• At high intensity, the temperature of the formed vapor is higher which induces
excitation of atoms and hence ionization. The laser energy is absorbed by
the vapor causing vapor breakdown and plasma formation due to avalanche
ionization and multiphoton ionization mechanisms.
The intensity (Ip) at which the plasma ignition occurs for pulse width (τ) ranging
between 10−8 < τ < 10−3 s is given by the following relation [112, 113] :
Ipτ
1/2 ≈ BP (2.2)
where BP is a .
A thin melt layer is produced when the high temperature plasma contacts the
target surface [110]. Compared to plasma layer thickness, the thickness of melting
layer, Knudsen layer, and the transition layer between vapor and plasma can be
neglected.
2.4.4 Plasma-Laser interaction
During interaction with infrared wavelengths, the plasma plume absorbs laser en-
ergy through the inverse bremsstrahlung process [106]. Two different waves, laser-
supported absorption wave and laser-supported combustion wave, occurs depending
upon the irradiance of the laser beam.
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Figure 2.14: Plasma - laser interaction effects [108] (a) Plasma coupling (b) Plasma
shielding
The formed plasma remains close to the target surface if the laser intensity (Ip)
is just above the limit that causes the plasma formation. This behavior is called
as plasma coupling as shown in Fig. 2.14a, due to which the absorption of laser
beam by the material increases [108].
When the laser beam passes through the plasma plume, a minor reduction in
the laser intensity at the focus is expected due to the defocussing of laser beam
by the plume [114]. When the laser passes through the plasma, plasma oscillation
affects the propagation of plasma [105]. The plasma electron oscillation frequency
(W e) is defined as, W 2e = ne e2c / µmme, where, ne is the electron number density
(m−3), me the electron mass (kg), and ec the electron charge (C).
If the plasma oscillation frequency is less than the beam frequency, the propaga-
tion of laser beam through the plasma occurs. Else, the beam will be reflected back.
In case of similar plasma oscillation frequency and beam frequency, there will be
resonant absorption of the beam. It is noted that the dense ionized plasma formed
at the interface between the confinement and the target reflects back a substan-
tial amount of incident laser light [109]. This behavior will reduce the peak shock
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pressure at higher laser intensities along with the dielectric breakdown behavior.
2.4.5 Plasma expansion
Dynamic interaction between laser beam and plasma at the surface for intensities
much greater than the intensity threshold for plasma formation causes the expan-
sion and propagation of plasma. The pressure difference between the hot plasma
region and the surrounding region causes the plasma to expand [115].
The shape of the plasma plume was observed to be perfectly hemispherical as
shown in Fig. 2.15 during its expansion in the atmospheric pressure, in an ex-
periment by Barthelemy et al. [116]. The plume expands with time in both the
radial and longitudinal directions. The plasma plume created during ablation of
metals by 1064 nm wavelength laser beam at atmospheric pressure is classified into
two different regions: plume core and plume periphery, which are identified as the
ionized ablation matter and the ionized atmospheric air respectively, as illustrated
in Fig. 2.15 [106]. Cirisan et al. [106] identified several processing variables includ-
ing laser intensity, spatial and temporal profiles of the beam, beam diameter, and
ablation environment, to be influential to plasma plume characteristics.
At much higher intensity, plasma expands rapidly and starts moving away from
the target surface. Then, there will be no transfer of energy from the plasma to
the dense phase. This effect, plasma shielding, is illustrated in Fig. 2.14b [108].
Plasma expansion is adiabatic, occurs at a supersonic velocity, which hence creates
shockwaves preceding the plasma [117].
2.4.6 Plasma and shockwave characterization
In laser-ablation processes and laser-induced shock processes, it is necessary to
understand the formation and propagation of plasma to study the process mecha-
nisms. Plasma can be characterized by both quantitative and qualitative methods.
Visual observation of plasma/plume in laser-material interaction has been achieved
by different methods in the literature: dye laser resonance absorption photography
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Figure 2.15: Plasma plume during the expansion (aluminum target irradiated by
10 J/cm2 laser fluence) [116]
[118, 119], time-integrated photography, shadowgraphy [120, 121], speckle pho-
tography [122], frame and streak photography [123], and high-speed photography
[111, 124, 125] . Fast schlieren photographs are captured using an ICCD (Inten-
sified charged coupled device) camera [126, 127]. Franco et al. [128] used Streak
photography technique to study the spatial and temporal evolution of laser-induced
plasma by measuring the plasma absorption, initiation time, lifetime, and axial col-
umn length of the plasma. The shock wave propagation speed within first 400 ns
was measured to be 4000 m/s using images from 20 x 106 frames/sec high speed
camera. Barthelemy et al. [116] used Fast photography by an ICCD camera to an-
alyze the expansion of plasma produced by the excimer laser ablation of aluminum
target in ambient conditions. The similar characterization method was adopted
to examine the change in length and diameter of the plume core and plume pe-
riphery regions with time at different laser fluences [106]. Seto et al. [124] used
two ultrahigh speed cameras (1125fps) to analyze the plasma shape and the key-
hole formation in laser welding. A CCD camera was used by Yilbas et al. [129]
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to investigate the laser material interaction in laser shock processing by which
the formation and expansion of the evaporation front were captured. Chen et al.
[117] used an optical beam deflection based fiber-optic sensor to investigate the
laser-induced shockwave propagating inside the water . In comparison, high-speed
photography is found to be an effective method to visualize and characterize the
plasma to study its evolution with time [124, 125].
Typical quantitative characterization parameters include plasma plume size,
plume edge position, plume velocity, and the plasma lifetime [111, 130]. In most
cases, the geometry of the plasma has been characterized to understand the plasma
evolution behavior. The velocity of the plume and shockwave are also used to char-
acterize the plasma expansion. Plume velocity is calculated from the position of
the shockwave edge and the corresponding time. Gilgenbach et al. [118] charac-
terized plume velocity by plotting the plume edge position against the delay time
between the dye laser pulse and the excimer laser pulse using dye laser resonance
absorption photography. Laser drilling of stainless steel with He:Ne laser was ex-
amined by Nowakowski [131] using a high speed camera with a frame rate of 18000
frames/sec to calculate the velocity of the ejected particles.
Cirisan et al. [106] defined the plasma expansion using shockwave and drag
models. The shockwave model is based on the assumption that the plasma plume
and the shockwave induced by the plume due to the differential pressure with
ambient medium are propagating with identical speeds. The plume expansion
corresponding to the shockfront distance (R) as a function of time (t) is given as
[130],
R = ξ0
(
E
ρ0
)0.2
t2/5 (2.3)
where E is the laser energy, ρ0 the ambient gas density, and ξ0 the constant
based on specific heat of ambient gas.
The decaying of plasma plume due to the drag resistance provided by the am-
bient medium is modeled using the drag model. The plume position (R) is defined
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by,
R = Rmax[1− exp(−βt)] (2.4)
where Rmax is the plume stopping distance and β the slowing coefficient.
There are three models dedicated to explain the expansion of plasma towards the
laser beam [128]: (a) Ionization wave model (b) Radiation-supported detonation
wave model (c) moving breakdown model.
2.5 Plastic deformation of metal foils
In macroscopic scale, plastic deformation is the permanent, irreversible change in
the material upon loading. When the metal is subjected to a tensile load, it under-
goes reversible, elastic deformation initially where the stress is proportional to the
strain. Once the applied stress reaches the yield strength of the metal, the plastic
deformation is initiated. During this stage, a uniform elongation of the material
occurs. Plastic deformation stage is defined from the initiation of yield to the end
of uniform elongation, before the localized necking stage starts. The corresponding
behaviors at microscopic or atomic scales for the macroscopic properties discussed
previously need to be studied in order to understand the process mechanisms.
2.5.1 Deformation modes
Elastic deformation of metals is caused by the stretching or compression of the
interatomic bonds, causing a temporary change in the interatomic spacing [132].
Whereas, the plastic deformation of metals is realized generally by the movement of
dislocations, which are the inherent imperfections present in the crystalline mate-
rials. In metal forming processes, the plastic deformation and the inducing mecha-
nisms depend upon various factors. The modes of plastic deformation include slip,
twinning, diffusion creep, grain boundary sliding, shear band formation, and phase
transformation [133]. The difference between these modes is illustrated in Table.
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2.1.
• Slip - It is the motion of dislocations due to which the plastic deformation
is realized. Slip occurs on the most densely packed crystallographic planes
and along the directions having the greatest atomic packing in those planes.
Dislocations moving along a particular slip plane in a grain cannot go directly
into another grain in a straight line. Slip lines change their directions at grain
boundaries. Dislocations carry a stress field, either compressive, tensile, or
shear based upon the position of dislocations in the crystal lattice. Slip
occurs due to the interaction of dislocations having identical stress fields,
which will cause a repulsion, inducing the plastic deformation (more stress
needed to move dislocations). This interaction dislocations with similar stress
fields leads to dislocation multiplication which causes an increased interaction
and work hardening. Dislocations are characterized by dislocation density,
which is defined as the total dislocation length per unit volume, varying from
103mm−2 to 1012mm−2 depending upon the intensity of deformation. Due to
the plastic deformation, an increase in dislocation density is observed.
• Twinning - Deformation twinning is a homogenous shear of the lattice plane
where atoms displace along the twinning direction. The twin structure forms
the mirror image of parent structure along the twinning plane. Twinning
occurs generally with large shear loading, low stacking-fault, and low tem-
peratures. Mechanical twinning occurs in metals that have HCP and BCC
structures, on specific twinning planes and directions. Twinning occurs at
low temperatures and at high rates of loading conditions where the slip is
restricted. It causes reorientation of crystallographic slip systems, thereby
generating new slip systems. This behavior tends to promote the movement
of dislocations. Typically, there exists a threshold pressure to obtain twin-
ning. Twinning usually occurs at higher strain rates (ε˙ > 105 s-1) due to the
following reasons [134]:
(a) When the deformation speeds are high, dislocations do not have enough
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time to respond and hence the slip is suppressed.
(b) At higher strain rates, the stress increases locally to reach the critical
twinning stress, a condition favorable for twinning.
• Shear band formation - It is a limited non-homogenous deformation which
occurs especially under high strain rates inducing large localized strain levels.
Slip and twinning deformation modes usually occurs at the quasi-static loading con-
ditions. Grain boundary sliding, dislocation glide, dislocation creep, and diffusion
creep are proportional to loading conditions and temperature, and occur during
warm forming, where the deformation is at elevated temperatures [135]. Fatigue
loading usually causes the formation of dislocation cell structures. The difference
between the deformation modes is illustrated in Table. 2.1.
Table 2.1: Comparison between different deformation mechanisms
Slip Twinning Shear band
formation
Homogenous
deformation
Localized deformation Limited
non-homogenous
deformation
Occurs under static
loading
Occurs under shock
loading, where slip is
restricted
Occurs at high strain
rates
More prominent with
FCC structure
More prominent with
HCP and BCC
It makes
crystallographic
reorientation thus
creating new slip
systems
2.5.2 Formability and deformation mechanisms
The main objective of forming processes is to increase the formability of the material
by extending the uniform elongation and delaying the onset of necking. The process
formability depends upon various factors/mechanisms including strain hardening,
strain rate sensitivity, temperature, thermal softening, dislocation density, grain
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size, substructures, and inertia effects. Generally, increase in flow stress is experi-
enced with increase in strain rate and reduction in temperature. The strain rate
sensitivity increases sharply for strain rates greater than 104 s−1 due to the change
in dislocation formation rate [136]. Smaller grain diameter causes an increase in
flow stress according to Hall-Petch equation [133]. Two significant mechanisms oc-
cur during the plastic deformation, strain/work hardening and adiabatic/thermal
softening have an influence in the formability.
2.5.2.1 Strain hardening
Strain hardening or work hardening is the behavior in which the flow stress increases
with increase in strain. The mechanism behind this behavior is the movement of
dislocations during the plastic deformation resulting in entanglement and multipli-
cation of dislocations. This will restrict the further movement of dislocations and
hence the flow stress increases. The work-hardened material will have an increase
in yield strength along with the reduction in ductility. Strain hardening typically
increases the dislocation density and creates low-angle subgrain boundaries.
2.5.2.2 Adiabatic Softening
Adiabatic/work/thermal softening occurs at high temperature and high strain
rates. When the metal is deformed during the quasi-static loading conditions, the
heat generated due to the deformation will dissipate. However, at high-strain rates,
there is insufficient time for the generated heat to dissipate. Due to this, localized
adiabatic heating of few narrow regions (adiabatic shear bands) will occur followed
by either dynamic recrystallization or dynamic recovery of grains. High tempera-
tures results in the annihilation and realignment of dislocations. This behavior is
called as “Adiabatic softening”.
The softening effect at high strain rates is interrelated with the amount of plastic
strain the material experiences during forming. At low strains (ε~ 0 to 0.5), the
temperature effects are confined to the diffusion of dislocations. Whereas, at high
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strains (ε~ 3 to 4), the mechanism behind the strain softening is found out to be
the combination of migration and rotation behaviors of dynamic recrystallization as
illustrated in Fig. 2.16 [136]. Migration recrystallization occurs by the nucleation
and growth of new strain-free grains when the critical strain is reached. Rotation
recrystallization alters the boundaries of cells into sub-grains and then grains by
increasing the misorientation. Upon shock loading, rotation recrystallization oc-
curs first with the gradual breakdown of initial grain structure (Fig. 2.16a) into
elongated subgrains (Fig. 2.16b and Fig. 2.16c), which further break into small
recrystallized grains (Fig. 2.16d). The obtained microstructure is then subjected
to migration recrystallization.
Figure 2.16: Dynamic recrystallization of shock-loaded copper [136] (a) Initial cell
structure (b) Elongation of subgrains and cells (c) Breakdown of cells (d) Small
recrystallized grains
The formability of the material increases due to the adiabatic softening behavior
as there is a reduction in flow stress during the deformation. If the reduction in flow
stress due to softening is greater than the increase in flow stress due to the strain
hardening, then the localization of shear bands will take place [135]. Restriction
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of dislocations on a slip plane by obstacles will induce excessive strain and hence
Adiabatic Shear Bands (ASB) [137]. The formation and propagation of adiabatic
shear bands are attributed to the following mechanisms:
• Elongation and fragmentation of grains.
• Alternative hardening and softening.
• Dynamic recovery of grains – Realignment and annihilation of dislocations
at elevated temperatures during the deformation, causing a reduction in dis-
location density.
• Dynamic recrystallization of grains – Large misorientations causes high angle
grain boundaries which leads to grain nucleation.
• Phase transformation.
For torsion of pure copper at high strain rates (ε˙ > 103 s-1), grain reorientation
inside the shear bands and formation of equiaxed grains were observed by Yazdani
et al. [137]. In case of pure copper, twin formation and stresses with the dislocation
structures are observed to cause the adiabatic shear bands. These shear bands can
act as a potential crack initiation zones [138]. Andrade et al. [136] observed during
shock loading of copper that the shear localization area contained equiaxed grains
where the adjacent region consisted of elongated cells, due to the change in strain
between different regions. The typical temperature at the adiabatic shear region is
predicted to be greater than 0.4*Tm, an ideal condition for the recrystallization of
most of the metals.
A comparison between the strain hardening and adiabatic softening is presented
in Table 2.2.
2.5.3 High-strain rate plastic deformation
Metal forming at high strain rates has been reported in processes such as electro-
magnetic forming, explosive forming and laser shock processing, where adiabatic
softening has been the dominant deformation mechanism. This section reviews
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Table 2.2: Comparison between strain hardening and adiabatic softening
Strain hardening Adiabatic softening
Dislocations in the grain displace
during plastic deformation (slip).
The moving dislocations tangle and
impede the motion.
At high strain rates, there is no heat
dissipation and localized plastic
deformation within thin regions
(adiabatic shear bands).
Dispersion of dislocations during
loading.
Increase in flow stress Reduction in flow stress
Multiplication of dislocations Diffusal of dislocations
Creates low-angle subgrain
boundaries
Increase in subgrain structures
Reduction in formability Increase in formability
Cold-worked material will
experience:
• Increase in yield strength
• Increase in hardness, due to
the dislocations tangle (high
dislocation density)
Materials formed by high strain rate
will experience:
• Increase in hardness , due to
subgrain formation and
uniform grain sizes
the plastic deformation behavior induced by the laser shock wave in processes
such as laser shock peening and laser shock forming. The observed phenomenon
in macroscopic and microscopic scales is reviewed. Plastic deformation is usually
characterized by different parameters: formability of the sheets, material thinning,
change in hardness at the surfaces of the formed features, and the microstructural
changes.
2.5.3.1 Formability
An increase in formability at high strain rates is a common phenomenon observed at
most of the high velocity processes [57, 58, 72, 76–78, 91]. During shock loading of
copper, Andrade et al. [136] found the mechanical twinning to cause an increase in
flow stress. The twin boundaries restrict the movement of dislocations, enhancing
the material strength. After laser dynamic forming (LDF), a significant increase
in material formability was confirmed by the high dislocation density regions and
subgrain structures of the formed metal foil [89]. This high dislocation density and
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subgrain structures impede void nucleation and growth thereby leading to increased
formability [91].
During the shock loading, the propagating shock front acts as dislocation nu-
cleation zones when the shock pressure reaches the critical shear stress [58]. These
dislocations move at subsonic speeds to smaller distances generating new disloca-
tion interfaces. Formation of new dislocations tends to increase the formability.
2.5.3.2 Thickness distribution
Thickness distribution or thinning of formed components is one of the significant
variables to define the formability in sheet metal forming. Non-uniform thickness
distribution leads to irregular stress levels and localized necking, which will lead to
the failure of the component. Uniform thickness distribution is crucial in the micro-
manufacturing field when the assembly of different sheet components is required.
In quasi-static deep drawing, which is a major sheet metal forming process,
high thinning occurs in the sidewalls and the region around the rigid punch radius
due to the tensile stresses in both the longitudinal and circumferential directions
[139]. Ramezani et al. [60] observed a reduction in maximum thinning from 17%
to 11.3% while replacing the rigid metallic punch with a flexible rubber punch
made of natural rubber. In this rubber-pad forming process, equal pressure was
applied on the sheets by the rubber while pushing the metal into the die thereby
minimizing the thinning. Though the maximum thinning ratio was reduced by
using flexible punches, the thickness distribution was not uniform. In high strain
rate laser dynamic forming, where a metallic die was used along with the laser
shock loading, despite an improvement in formability, non-uniform thinning of up
to 50% was observed with high plastic strains at the die fillets [89, 140]. This is
attributed to an excessive localized necking at the die fillets when the material flow
was constrained while being pushed into the die cavity. The friction between the
rigid die surface and the deforming metal was also responsible for the variation in
thickness distribution [45].
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2.5.3.3 Inertia effects
Another significant factor influencing the formability of the material in high strain
rate conditions has been the inertia effects. During tensile loading of material, a
rapid velocity gradient occurs with the initiation of necking. The change of state
induces nonuniform inertia forces, causing uniform elongation outside the neck
region. Due to this effect, necking is delayed and uniform extension of material is
enhanced. Thus, the inertia effects are found to improve the material formability.
Balanethiram and Daehn [78] observed a 100% to 500% increase in ductility of IF
iron, copper, and aluminum at high strain rates during electrohydraulic forming,
in comparison to the lower strain rates. The velocity of the sample was found
to influence the material formability significantly. An increase in ductility was
experienced at the optimum velocity in tensile conditions, where the ductility had
linear relationship with velocity in electromagnetic forming of ring [76]. Neugebauer
et al. [57] showed that the formability of the material increases when forming
the metal sheets at high strain-rates, due to the combined behavior of adiabatic
softening and inertia effects.
2.5.3.4 Microstructure
The microstructure modification in the sample at high strain rates is different from
that with quasi-static deformation. When copper is subjected to high strain rates (ε˙
~ 104 s-1) and high plastic strains (~ 3 to 4), grain sizes of about 0.1 µm was formed
due to the dynamic recrystallization, as observed by Andrade et al. [136]. During
shock loading, high temperatures are developed in the deforming region, causing
dynamic recrystallization of grains. After laser dynamic forming of copper, Cheng
et al. [89] observed a significant increase in high dislocation density regions, grain
size uniformity, and subgrain structures. After microscale laser shock processing
of copper, there was no significant change of average grain size, but a reduction
of standard deviation was observed by Zhang and Lawrence [58], indicating an
increase in uniformity of grains. Zhang et al. [58] also observed an increase in
substructures and high deformation regions in laser shock processing of copper and
nickel. During laser shock forming of stainless steel, no significant modification of
grain boundaries both at the shocked surface and its rear side was observed by Luo
et al. [141]. However, the microstructural change with grains was confirmed by the
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observation of slip bands, stacking faults and compression of twins at the shocked
surface. In laser shock peening, an increase in twinning and dislocation structures
was observed by Murr [142].
Ye et al.[134] found significant differences in microstructures between specimens
shocked with nanosecond (ns) and femtosecond (fs) laser pulses. The defining
parameters between the laser systems have been strain level, strain rate, and pres-
sure, the combination of which influences the deformation mechanism. From ns to
fs laser conditions, the shock pressure increased from 0.65 GPa (ns) to 35.4 GPa
(fs) and the strain rate increased from 1.8 x 106 s−1to 1.4 x 108 s−1. The sur-
face processed with ns lasers showed larger dislocation density regions along with
evidences of grain refinement. High density dislocations with ns lasers induced
thicker dislocation walls while producing smaller cell size compared to that with
fs lasers, due to the larger strain with the former case. Meanwhile, a large amount
of stacking faults and twins were identified with fs lasers along with the reduction
in dislocation density. This behavior was attributed to the increase in strain rate
and shock pressure with the fs laser, causing the suppression of dislocation slip and
enhancement of twinning condition respectively. These results highlighted that the
increase in strain rate from 106 s−1 for ns pulses to 108 s−1 for fs pulses causes a
significant change in the mechanisms involved in the plastic deformation. Meyers
et al. [143] also demonstrated the effect of pressure on resultant microstructure,
in which the stacking fault and twinning as the primary mechanisms at 40 GPa
was shifted to subgrain elongation and microtwinning at 60 GPa. Interestingly,
the number of laser pulses also significantly influences the microstructure of the
deformed material [134]. Dislocation slip acts as the dominant plastic mechanism
for copper, followed by smaller amount of stacking faults with single laser pulse.
Whereas, for two pulses, along with an increase in dislocation density, large num-
ber of twins and stacking faults were observed due to the larger strains involved in
the latter case. The formation of stacking faults and twins at higher strains were
attributed to partial dislocation sweeping mechanism, in which partial dislocations
with higher density sweeps to form stacking faults, and then transformed to twins
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by further sweeping.
Due to high strain rates, the following microstructural effects occur [89, 91, 144,
145]:
• Dislocation nucleation, propagation and annihilation occur instantaneously
due to the high dislocation velocity.
• High dislocation density region increases due to the uniform nucleation of
dislocations and grain structures.
• Dislocation movement by viscous phonon drag.
• Suppression of dynamic recovery, which depend on cross-slip.
• Restriction to the discrete dislocation cell formation.
• Reduction in dislocation cell size.
2.5.3.5 Residual stress distribution
Laser shock processing induces a beneficial compressive residual stresses on the
irradiated surface. In laser bulging of sheets, residual stresses on the convex sur-
face (irradiation side) always remained compressive as seen in Fig.2.17a due to the
springback effect whereas the nature of the residual stress at the concave surface
was depending on the sheet thickness and laser energy [59]. However, compres-
sive residual stresses were also induced at both surfaces (Fig. 2.17b) with several
processes [83, 89, 146]. Despite the through-thickness compressive stress, the mag-
nitude of stress was larger on the surface at which the shock loading was applied.
The deformation behavior can be explained as follows:
(i) When the laser is irradiated on the coating material, shockwaves propagate
into the target. It induces a dilation of the surface layers and the stretching
of the shocked area in the directions normal to the axial impact direction.
(ii) After the end of the laser pulse, the region around the impact area generates
the compressive residual stress. Therefore, the residual stresses formed on
the surface layers of the impact area have been compressive.
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Figure 2.17: Residual stress distribution after laser shock processing (a) Residual
stress profiles over the steel surface after laser shock bulging [59] (b) Residual stress
distribution on copper after laser dynamic forming [89]
2.5.3.6 Mechanical properties
The mechanical properties of the formed material have also been modified as a
result of high strain rate loading. During laser shock peening of 10 mm thick
aluminum by Montross et al. [147] using Q-switched near-IR laser (1064 nm wave-
length, 40 ns FWHM), an increase in surface hardness of 7 to 15% and a reduction
in elastic modulus of 5 to 12% was observed, whereas the depth of hardness change
varied between 1 mm to 2 mm from the surface. The change in elastic modulus
was reported to be due to the dislocation tangles in shockwave loading. After laser
shock forming of SUS304 and SUS430 sheets of 0.3mm to 0.9mm thickness using a
Q-switched pulsed Nd:Glass laser (1064 nm wavelength, 20 ns FWHM), an increase
in surface hardness was observed by Zhou et al. [84]. Hardness was maximum at
the surface, whereas it was reduced away from the surface in the thickness direction
[83]. The similar behavior was observed by Wang et al. [148] during laser shock
forming of 1.2 mm thick brass sheets Q-switched pulsed Nd:YAG laser (1064 nm
wavelength, 30 ns FWHM), where the hardness enhancement occurred up to 200
µm thickness from the irradiated surface. High dislocation density, compressive
residual stress, and refined microstructure have been attributed to the increase in
hardness and yield strength after laser shock loading using a Nd:YAG laser[89].
Increased hardening in FCC metals at high strain rates can also be attributed to
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the increased dislocation interactions and subsequent tangling as a result of nucle-
ation of dislocations together with the restriction of the dynamic recovery [145]. A
summary of the above mentioned results is presented in Table. .
Table 2.3: Effect of laser shock forming on mechanical properties
Processes Material Surface
hardness
Hardness
depth
Other
properties
Laser shock
peening [147]
Al (10
mm)
Increase by 7 to
15%
Up to 1 mm to
2 mm
Reduction in
elastic modulus
by 5 to 12%
Laser shock
forming [84]
SUS304/
SUS430
Increase in
hardness
Maximum at
the surface
N.A
Laser dynamic
forming [89]
Cu (15
µm)
Increase in
hardness by
600% to 800%
N.A Increase in yield
strength
Laser shock
forming [148]
Brass
(1.2
mm)
Increase in
hardness by
20%
Up to 200 µm N.A
Formability of the material is also influenced by the texture orientation. In most
of the forming processes, strong textures are formed on the deformed material,
which could affect the material properties. In laser shock processing of copper and
nickel by Zhang and Lawrence [58] using a Q-switched Nd:YAG laser, though an
increase in {0 0 1} lattice directions was observed on both copper and nickel after
forming, no strong textures were formed.
2.6 Influence of process variables
The various relevant parameters in the processes using laser-induced shock waves
such as laser system, process components, and materials are discussed to under-
stand their relationship with process output characteristics.
2.6.1 Material properties
Laser shock processing has been successfully employed with wide range of mate-
rials including copper, aluminum, brass, stainless steel, titanium, high strength
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alloys, elastomeric laminated composites, and graphene thin films were plastically
deformed by various processes [83, 92–94, 149]. The plastic deformation is obvi-
ously influenced by the mechanical properties of the material involved, as evidenced
from various experimental results [58, 87, 150].
In addition to mechanical properties of the substrate material, the influence
of parameters such as material thickness and its initial microstructure needs to
be understood. Material thickness influences the shock pressure propagation time
and the entire plastic deformation [90]. If the thickness of the foil is lesser than
a critical value (em), the shock wave reflects back from the free surface causing a
reduction in peak pressure. The critical thickness is given by em = 0.5τD, where
τ is the laser pulse width and D the shock velocity (m/s) [151]. Meanwhile, the
acceleration of the foils increases if the thickness is lesser than the critical thickness.
In addition, the material thickness affects the residual stress distribution of the
formed components. After laser shock bulging of 0.3 mm thick stainless steel
sheets, the residual stress was compressive in the convex side whereas it was tensile
in the concave side. With increase in sheet thickness to 0.6 mm, through thickness
compressive stresses have been experienced [59].
Grain size of blank plays a significant role in microforming as there are only
few grains in the thickness direction. Grains in some regions, such as those in
contact with the rigid bodies experience more deformation [63]. Generally, larger
grain sizes are preferable for plastic deformation as the moving dislocations are
interrupted at the grain boundaries. It was observed in LDF of copper foils that
the initial grain structures do not affect the dislocations and subgrain structures
of formed features [89].
2.6.2 Laser System
The various processing parameters relevant to lasers significantly influence the pro-
cess outcomes including deformation geometry and shape in shock forming, plas-
tically affected depth in case of shock peening, and mechanical properties such as
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hardness and residual stress distribution of the deformed substrate.
2.6.2.1 Laser energy
Laser pulse energy has been a significant process parameter in the processes using
laser-induced shockwaves as it influences the ablation of overlay/coating and the
amplitude of induced-shock pressure [87, 146].
The increase in laser energy is observed to increase the height and radius of the
formed bulge in laser shock forming of stainless steel sheets [59], the deformation
depth in laser dynamic forming of copper [90], embossing depth in laser shock
embossing of copper [96], and deformation depth in laser shock forming of brass
[148]. The increase in pulse energy also improves the surface hardness [148] and
the compressive surface residual stress magnitude [83].
In addition, the laser energy influences the interaction of the laser beam with the
dielectric mediums. In laser shock processes, the dielectric breakdown at the surface
of the confinement medium interrupts the laser beam towards the target, resulting
in the saturation of the induced shock pressure [125, 146]. The mechanism behind
the dielectric breakdown is identified to be avalanche electron ionization process.
The dielectric breakdown and subsequent pressure saturation is comprised of the
following sequences [152]:
(a) The breakdown of the dielectric medium is initiated by one of the following
behaviors: surface impurities, reflectivity of the target, and collision of metal
plasma with the rear surface of the confinement.
(b) The avalanche ionization process occurs, in which an increase in electron den-
sity and absorption of laser energy are experienced.
(c) The ionization wave will propagate towards the laser beam ceasing the laser
irradiation of the target surface.
The breakdown can be observed in Fig. 2.18 where the luminous portion rep-
resents the plasma. At smaller laser intensity (Fig. 2.18a), the plasma was visible
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Figure 2.18: Plasma visualization in water confinement using a fast frame camera
[125] (a) Plasma formation at the metal surface at 1.8 GW/cm2 laser intensity (b)
Dielectric breakdown at the water surface at 28 GW/cm2 laser intensity
only at the irradiating surface as shown in Fig. 2.18a. Whereas, at higher in-
tensity (Fig. 2.18b), the breakdown of water at the surface caused the formation
and expansion of plasma in the air, which hence absorbed the laser irradiation and
reduced the shock pressure. In addition to the reduction in pressure amplitude
due to the breakdown, a reduction in pressure pulse duration was also experienced
with increasing laser intensity. It was observed that, at 1064 nm wavelength, the
duration of the pressure pulse was reduced from 60 ns at 2.5 GW/cm2 to about
40 ns at 20 GW/cm2 [146]. If the plasma irradiation is primarily in the extreme
UV wavelength (<200nm), multiphoton ionization mechanism of confinement wa-
ter breakdown becomes dominant [58]. Thus, it is necessary to choose the optimum
laser intensity to enhance the plastic deformation and mechanical properties.
2.6.2.2 Laser beam profile (spatial and temporal)
The spatial intensity distribution of the laser beam plays an influential role in laser-
shock processes. Gaussian beam (TEM00 mode) has been commonly used in laser
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shock processing. With circular laser spots, the radial release wave from the edges
of the impact, converge at the center causing a reduction in plastic stress and strain
magnitudes [85, 153]. This drop can be avoided by overlapping of laser pulses or
using non-circular (square or elliptical) beam profiles [85, 146]. Yang et al. [85]
used elliptical beam profiles for the laser shock forming of stainless steel sheets.
Masse and Barreau [154] eliminated the residual stress drop with square impact in
their experiments. Square shaped laser beams were also used by few researchers
[110, 155, 156]. In addition, the deformation shape and the thickness distribution
are also influenced by the laser beam profile.
The temporal profile of the laser pulse is influential to the pressure pulse am-
plitude and duration [108, 152]. The peak pressures measured between Gaussian
pulse (30 ns duration) and Short Rise Time (SRT) pulse (25 ns duration) were
approximately similar for laser intensity lesser than 3 GW/cm2 and 4 GW/cm2
with glass and water confinements respectively. After these intensity levels, the
peak pressure with SRT pulse was higher than with Gaussian pulse. At higher
intensities, the peak pressure occurs earlier than the peak laser pulse with both
SRT and Gaussian pulses due to the occurrence of dielectric breakdown. It was
found that compressive residual stress magnitude and depth were larger with the
temporal pressure pulse profile having sharp increase in pressure than with the
Gaussian pulse [110].
2.6.2.3 Spot size
Laser beam diameter is another parameter that affects the deformation profile such
that deformation area increases along with the beam diameter despite a concurrent
reduction in shockwave pressure [157]. An increase in the shockwave attenuation
rate was observed with small impacts of about 0.5 mm to 1 mm compared to
larger impacts (4 mm to 5 mm) [110]. The spot size was observed to influence
the shockwave propagation, such that the shockwave expansion was spherical with
smaller beams whereas planar propagation was experienced with larger beams [81].
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2.6.2.4 Wavelength
Shorter wavelengths facilitate better absorption as absorption coefficient of ma-
terials is inversely proportional to the wavelength. Also, the absorption density
of plasma is high during the confinement at shorter wavelengths [146]. There-
fore, the shock pressure is higher at the smaller wavelength. However, the higher
absorption properties at shorter wavelengths causes early occurrence of dielectric
breakdown effect even at the lower laser intensities [108]. As the threshold intensity
for breakdown decreases with decreasing wavelength, higher peak pressures cannot
be achieved. Also, the duration of pressure pulse is reduced with the shorter wave-
length. If the intensity is smaller (lesser than the threshold), shorter wavelength is
better whereas longer wavelengths are preferred if the intensity is large.
2.6.2.5 Pulse duration
The laser pulse duration influences the amplitude and duration of the pressure
pulse and the plastically affected depth. Moreover, with shorter pulses, dielectric
breakdown threshold increases, resulting in higher peak pressure [108]. The peak
pressure of 10 GPa was observed at 0.6 ns pulse duration whereas it was only 6
GPa at 10 ns duration [146]. It is also noted that the shockwave may be absorbed
within the absorptive overlay if the pulse duration is less than 1 ns. For constant
pressure, the magnitude of surface residual stress increased with the shorter pulse
duration. The other benefits of ultra short pulses have been the reduction of
mechanical effects such as cavitation bubble expansion and shockwave emission
[123]. Furthermore, the transmission of laser beam through the confining medium
was influenced by the laser pulse duration.
2.6.2.6 Number of pulses
The number of laser pulses is another significant parameter in laser material pro-
cessing. In laser deep drawing, the deformation depth of metal sheets increased
with an increase in number of pulses whereas the sheets fractured after reaching a
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deformation threshold [87]. In this process, the first pulse produced 60% of final
deformation and a conical form, whereas further pulses create a spherical form.
In laser dynamic forming, multiple pulses effectively reduced the foil bounce off
effect, thereby achieving an accurate control of the final shapes [158]. The behav-
ior behind this observation had been the distributed laser energy within multiple
pulses to contain the sheet forming velocity below the critical forming velocity of
the material, which restricted the local thinning and subsequent fracture. Though
the increase in number of pulses reduced the workpiece necking, the bottom of the
deformed profile was stretched. Furthermore, the magnitude of compressive resid-
ual stresses in the material increased with multiple laser pulses during laser shock
processing [81]. Thus, it is understood that there is an optimum level of number
of pulses to achieve the maximum and uniform deformation over the entire surface
in laser shock forming process.
2.6.2.7 Defocussing
The distance between the laser beam focal point and the sample, called defocussing,
influences the shock pressure such that maximum pressure is applied at zero de-
focussing distance [159]. An optimum defocussing distance has been examined for
the favorable vaporization of ablative coating in laser shock embossing of copper
foils by Liu et al. [96], where an increase in ablation depth was observed with a
reduction in defocussing.
2.6.3 Ablative overlay
The ablative overlay serves to generate the shockwave pressure to deform the work-
piece. The material properties and the thickness of the ablative overlay are con-
sidered to be the significant process parameters in laser shock forming processes.
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2.6.3.1 Ablative overlay material
Ablative coating or overlay is a sacrificial component in laser shock processing,
which is vaporized due to high temperature and pressure of laser irradiation. The
main purpose of this coating layer is to prevent the material from ablation and
increase the shock pressure. In addition, the presence of coating induces beneficial
compressive residual stresses on the substrate surface in comparison to the tensile
stresses on sample with direct target irradiation [81]. If no coatings are applied
on sample, a small volume of work piece as much as about skin depth is heated,
vaporized, and ionized, affecting the fatigue behavior [160]. Graphite, aluminum
foils, black paint, black tape are typically used as the coating materials [147, 161–
164].
Montross et al. [147] compared black paint and self-adhesive aluminum foils
as coating materials in laser shock peening. Despite the spallation or debonding
of paint, better surface hardness enhancement was observed on samples coated
with black paint, in comparison to aluminum foils. However, the aluminum foils
demonstrated better adhesive properties than the black paint. Fabbro et al. [146]
investigated Al-based paint and metallic (Ta, Cu, Al, and Mo) coatings on alu-
minum foil of 250 µm thickness at 1 GW/cm2 and 4 GW/cm2 during laser shock
processing, where no significant difference in peak pressure with change in coatings
was observed. However, employing 100 µm thick Al based coating over 316L steel
sample increased the peak pressure by 50% compared to the pressure without the
coating. This behavior was attributed to the impedance mismatch effect which
arises due to the difference in impedance between target and coating materials.
The impedance mismatch effect is eventuated while the shockwaves traverse
between materials with different shock impedance [146, 165, 166]. When a shock-
wave propagates from a material having impedance Z1 to another material with
impedance Z2 such that Z2> Z1, the amplitude of the shockwave will be increased.
If the impedance of the coating is lesser than that of metal, the amplitude of shock
wave will be higher. This effect is used in laser shock processes to increase the
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shock pressure generated upon irradiation.
Zhou et al. [83] applied TiN absorbing layer on the rear surface in addition
to the ablative layer on the laser irradiation surface, to protect the sample from
spallation effect due to the reflective tensile stress wave .
The selection of ablative overlay depends upon the following factors:
• Absorption properties of material at particular wavelength.
• Thermal conductivity and heat of vaporization of the target.
• Impedance of the material (should be less than the base material).
• Adhesiveness to the substrate, especially when employing multiple pulses or
irradiation at the near spots.
• Ease of application.
2.6.3.2 Ablative overlay thickness
The thickness of the overlay should be sufficient enough to avoid thermal effects
on the target surface. However, if the overlay thickness is much higher than the
ablation depth upon irradiation, the shockwaves tend to attenuate within the over-
lay before reaching the target. Thus the coating must have a certain maximum
thickness to form into plasma completely and a minimum thickness to resist the
ablation of the work sample. However, no study on the effect of ablative coating
thickness on the deformation characteristics has been reported so far.
2.6.4 Confinement layer
2.6.4.1 Confinement layer medium
Confinement layer is a transparent material used to restrict the plasma expansion.
The confinement layer increases the intensity of the laser-induced shock pressure
by about two orders of magnitude as compared to the plasma expansion in the
vacuum [167]. The induced shock pressure depends upon the shock impedance of
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the confinement material [160]. Usually, a glass or water is used as the confine-
ment medium. Materials such as K9 glass, perspex, quartz glass, silicon rubber,
and Pb glass were investigated for their effect on induced shock-wave pressure and
a difference in shock pressure for different confinement medium was observed by
Hong et al. [164]. Using water as the confinement resulted in a 10 fold increase of
plasma pressure as compared to the direct ablation, and subsequently the bending
angle of the stainless steel sheets was increased [168]. In addition, the confinement
prolongs the duration of the shock pressure, thereby adequate momentum can be
acquired by the material during deformation [90]. The disadvantages of using wa-
ter are scattering and absorption of laser, possible corrosion, and water photolysis
[169, 170]. Ye et al. [171] used a new medium, gum water, which consisted of
polyvinyl alcohol as the confinement layer for femtosecond laser shock forming of
metal foils. However, nonlinear absorption of laser energy was observed within the
confinement layer, that could lead to a reduction in shock pressure amplitude and
shock duration. Ye et al. [134] also used an adhesive tape containing polypropy-
lene as the major constituent as the confinement layer. The shock impedance of
adhesive tape (0.19 x106 gcm−2s−1) is larger than that of the gum water (0.16 x
106 gcm−2s−1). However, the adhesive tape and gum water have limitations when
multiple laser pulses are applied in terms of insufficient material for confinement.
2.6.4.2 Confinement layer thickness
As the shockwave generating at the target-confinement interface is propagating
towards the confinement layer as well [160], the critical thickness as mentioned for
material thickness will also be applicable for confinement layer thickness. When
the shockwave emanating from the irradiation zone reaches the top surface of the
water confinement, the water will be detached from the target surface and hence
there will be no confinement of plasma [172]. This effect will cause a reduction
in plasma pressure if the shockwave reaches the top water surface before the ar-
rival of the peak laser pulse. Therefore, the confinement of plasma depends upon
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the confinement thickness and shockwave velocity. Ocana et al. [173] found us-
ing numerical simulation that the plasma pressure increases with the increase in
confinement thickness.
2.6.5 Temperature
Forming at elevated temperatures is an effective way to minimize the size effects as
it facilitates geometric accuracy, uniform forming forces, and enhanced formability
due to the improved homogeneity and thermally activated dislocation movements
[174]. At elevated temperatures, there is a change in microstructures and plastic
deformation behavior [175]. Performing laser dynamic forming on copper samples
which are heated above their recrystallization temperature, produced refined grain
sizes and reduced high dislocation density regions due to recrystallization and re-
duction in strain hardening rate [89]. Preheating of the sample can be helpful to
form brittle materials through ductility improvement.
2.6.6 Desired microfeatures
For laser shock forming processes where required microfeatures are obtained using
mold patterns, parameters such as aspect ratio and fillet ratio affect the deformation
characteristics significantly. In LDF, the occurrence of maximum von Mises stress
depends upon the fillet ratio of the mold. Increase in fillet ratio leads to higher
material flow acceleration and vertical displacement [90]. After an upper limit of
aspect ratio, material failure occurs as its formability reaches its maximum.
2.7 Modeling and simulation
The major phenomena involved in the laser-induced shock processes that need to
be modeled are shock pressure, material deformation, and material failure charac-
teristics.
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2.7.1 Shock pressure modeling
Modeling of shockwave pressure induced by laser-produced plasma in confining
conditions has been presented by Fabbro et al [160]. Fabbro’s model has been
extensively used in laser-induced shock pressure simulations. The shock pressure
depends on the following factors: plasma layer thickness, shock impedance of abla-
tive medium and confining layer, laser pulse energy, and fraction of absorbed laser
energy used for increasing the plasma thermal energy [160]. The entire process
with confinement contains the following steps in sequence: shockwave generation
and propagation into confining layer and the metal due to plasma pressure, adia-
batic cooling of plasma after the laser switched off, and complete recombination of
plasma for prolonged duration. The formulation of shock pressure starts with the
assumption that two shockwaves are generated and subsequently propagate inside
the target and confinement with fluid velocities behind the shockwave taken as
u1(t) and u2(t) respectively. The interfacial plasma thickness L(t) is a function of
time as given by,
L(t) =
ˆ t
0
[u1(t) + u2(t)]dt (2.5)
From the shockwave relation for pressure P = uiZi with i = 1 or 2,
dL(t)
dt
= 2
Z
P (t) (2.6)
where, 2/Z = 1/Z1 + 1/Z2; Z1 and Z2 are shock impedance of target and confine-
ment materials respectively. The incident laser energy I(t) is converted into work
to increase the plasma interface and its internal energy, which is formulated as,
I(t) = dL(t)
dt
P (t) + 32α
d
dt
[P (t)L(t)] (2.7)
in which α is the fraction of the internal energy in the form of thermal energy used
to increase the plasma pressure. If mass transfer between plasma-confinement and
plasma-target is considered, there is no need to include the parameter ‘α’ [58].
67
Considering constant laser intensity (I0), the peak shock pressure P (GPa) can
be calculated from,
P = 0.01
√
α
3 + 2α
√
I0Z (2.8)
Peyre et al. [176] approximated the peak shock pressure to be the square root
of laser intensity as P = 1.02
√
I0.
It is observed that the peak pressure of the shockwave increases along with the
laser intensity [90]. Fabbro’s model is based on the assumption of uniform laser
irradiation and one-dimensional shock propagation. This assumption is inappro-
priate when the laser beam diameter is small and follows a Gaussian distribution.
This spatial variation in laser beam profile has been modeled by Zhang et al. [58]
as given below.
P (r, t) = P (t) exp(− r
2
2r20
) (2.9)
where, P (t) is the shock pressure from Fabbro’s model, r0 is the laser beam radius,
and r is the radial distance from the beam center.
Based on explosive gas dynamics, an alternative calculation for peak shock pres-
sure (P ) as a function of laser pulse intensity (I0), target absorptive coefficient,
specific heat ratio (K1) and the density of the mixture of vapor, absorptive layer
and confinement (ρ0) is devised as [84],
P =
(
K1 + 1
2K1
)2K1(K1−1) [2(K21 − 1)]2/3
K1 + 1
[
ρ0(αI0)2
]1/3
(2.10)
The above mentioned shock pressure formulations consist of free variables that
need to be calculated from the experiments. Wu and Shin [177] developed a self-
closed thermal model to calculate the shock pressure induced on the target. This
model has no free variables as it considers all the physical mechanisms involved
in the process. This confined-plasma model was used to simulated the laser shock
peening process with overlapping [178]. Wu and Shin [179] also devised a predictive
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2D axisymmetric model using the hydrodynamic equations, along with appropriate
equations of state for the water and coating material. With this model, 2D spatial
distribution of stress profiles in laser shock peening was predicted [180].
A 1D hydrodynamic Lagrangian finite-difference code, including a Mie-Gruneisen
equation of state and elastic-plastic properties for target materials has been used
to simulate the laser-induced shock wave interaction with the materials [151].
2.7.2 Constitutive models
The laser shock forming process is associated with ultra-high strain rates. There-
fore, the constitutive models need to accommodate the strain rate effects. Johnson-
cook model is a constitutive model for materials subjected to large strains, high
temperature and high strain rates [181]. Von-Mises flow stress (σ) from this model
is calculated as follows,
σ =
[
(A+Bεn)
(
1 + Cln
(
ε˙
ε˙0
))
[1− T∗m]
]
(2.11)
Where, the homologous temperature T ∗is given by T∗ = (T − Tr)/(Tm − Tr) in
which T is the temperature and T r and Tm are reference and melting temperatures
respectively. A, B, C,m, and n are material constants in which A is the yield stress,
B and n to incorporate the work hardening effect, C to include the strain-rate effect
andm to include the temperature effect on the flow stress. These material constants
are generally calculated using tension, torsion and Hopkinson bar tests.
Hopkinson bar test conducted for OFHC copper, Armco iron and 4340 steel with
varying strain rates revealed that the specimen temperature increases with increase
in strain rate [181]. As a result, true tensile stress is reduced, confirming the
occurrence of adiabatic softening effect. This effect tends to rise with the increase
in strain rate. At higher strain rates (ε˙ > 103 s−1), flow stress of the material
increases rapidly compared to low strain rates (ε˙ < 103 s−1), which is attributed to
the different dislocation motions at high and low strain rates [91], as detailed in the
section 2.5.2. In laser dynamic forming, the material flow stress behavior has been
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Figure 2.19: Simulation of Laser dynamic forming process [90] - Different stages of
deformation
modeled by a modified Johnson-Cook model and the process sequence at various
time steps is illustrated in Figure 2.19 [90]. 3D Discrete Dislocation Dynamics
(DDD) simulation of LDF was performed by Gao and Cheng [144] including high
strain rate and size effects to derive the constitutive model.
A significant difference in results between experiments and simulation using
Fabbro and Johnson-Cook (JC) models was observed for Laser shock embossing
[96]. Johnson-Cook model is a phenomenological model and is formulated using
experiments with maximum strain rates of the order 100 s−1. So, this model may
not be accurate at strain rates higher than 105 s−1 as observed in laser shock
forming. In addition, JC model ignore pressure effects which have a significant
role in LSF. Inertia effects which delay void growth and necking are also neglected
in modeling and simulation thereby resulting in overestimated results [91]. Also,
energy dissipated in the ablative material was not considered in the simulation and
this might have also caused the deviation. In spite of these limitations, Johnson-
Cook model has been extensively used to model the materials that experience strain
rates up to105 s−1 during deformation.
Steinberg proposed a constitutive equation that is applicable at high strain-
rates (ε˙ > 105 s−1) considering ultrahigh-pressure effects [182]. But this model is
strain-rate independent considering the fact that strain-rate effect is insignificant at
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pressures greater than 10 GPa. So, a constitutive model considering both ultrahigh
pressure and strain-rate effects has been proposed by Zhang [79] as formulated
below:
G = G0
[
1 +
(
G
′
P
G0
)
P +
(
G
′
T
G0
)
(T − 300)
]
(2.12)
Y = Y0[1 + Clnε˙][1 +Bε]n
[
1 +
(
Y
′
P
Y0
)
P +
(
G
′
T
G0
)
(T − 300)
]
(2.13)
G
′
p =
dG
dP
,G
′
T =
dG
dT
, Y
′
p =
dY
dP
,
Y
′
p
Y0
≈G
′
p
G0
(2.14)
where G is the shear modulus, Y the yield stress, P the pressure, and T the
temperature. The primed variables with subscripts P and T denote the derivative of
that variable with respect to the corresponding subscript parameter at the reference
state (ε = 0, P = 0, T = 300K), and B,C and n are similar to Johnson-Cook model
(Eqn 2.11).
2.8 Summary
The following inferences can be derived from the literature survey:
• Various existing high strain rate microforming processes, specifically pro-
cesses using laser-induced shock pressure are reviewed in detail. Despite ex-
hibiting improvement in material formability, the high strain rate processes
still possess similar issues with die/mold as discussed in the previous chapter:
die fabrication, process flexibility, friction, die wear, etc. Furthermore, it has
been noted that the geometry of the fabricated microfeatures is dependent
not only on the microdie geometry but also on the different process param-
eters such as the laser fluence, pulse duration, spot size, and the number of
pulses. As the microdie is not the only factor to determine the feature geome-
try formed on metal sheets, the rationale to develop new mold-free technique
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is further enhanced, with lasers demonstrating large amount of flexibility.
• It is revealed from the review that the thickness distribution of the formed
components with existing conventional and high strain rate sheet metal form-
ing processes is still non-uniform which is attributed to the rigid punch and/or
die that causes non-uniform stress distribution by restricting the material
flow.
• At high velocity forming, sudden deceleration of the deforming material and
nonuniform velocity distribution need to be addressed as they influence the
final deformation characteristics.
• Despite the significance of plasma formation and expansion in laser shock
forming processes, there are inadequate experimental investigations of few
major process variables including confinement medium thickness.
• The deformation mechanism in laser shock processing is identified to be a
complex interaction between various parameters including strain level, strain
rate, and pressure amplitude. The development of new process will exhibit a
range of process capabilities in terms of strain and strain rate limits. There-
fore, it will be necessary to analyze the deformation mechanisms involved in
the developed process to understand and predict the process behaviors.
• The process variables in laser shock processes significantly influence the plas-
tic deformation mechanisms in addition to the deformation geometry profiles.
As the resultant mechanical properties of the deformed components depend
upon the deformation mechanisms, the relationship between the input pa-
rameters, process mechanisms, and output variables need to be established.
The further parts of this thesis intend to address these concerns.
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Chapter 3
Flexible Pad Laser Shock Forming
- Process Development and
Parametric Study
This chapter details the development strategy of the proposed microforming tech-
nique, Flexible Pad Laser Shock Forming (FPLSF). The feasibility of the proposed
technique to fabricate microfeatures through plastic deformation of thin metallic
foils is examined. Subsequently, the mechanisms involved in the process are briefly
discussed. The capability and flexibility of the process to fabricate microfeatures
with different sizes and geometry are investigated further.
3.1 Process development
A schematic representation of the proposed technique, FPLSF is shown in Fig. 3.1.
A high-power pulsed laser is used to generate the shock pressure required for the
metal foil deformation. The metal foil to be deformed is placed over a uniform
flexible pad surface which is expected to play the role of master micromold. A
hyperelastic polymer that can undergo large elastic deformation under loading is
used as the flexible pad. The metal foil is covered with a uniform thin layer of
an ablative overlay which absorbs the incident laser energy and generates plasma.
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It also acts as a thermo-protective layer to prevent the metal foil from thermal
damages. A medium, transparent to the laser beam, is placed over the ablative
overlay. This transparent medium is called confinement layer as it is used to restrict
the plasma diffusion and direct the shockwave towards the foil surface. Typically
the magnitude of the laser-induced shock pressure and the duration of shock wave
are increased due to the confinement layer [160]. The different process components
can be identified in Fig. 3.1.
Figure 3.1: Schematic of Flexible Pad Laser Shock Forming (FPLSF) process
The selection of different process variables for this experimentation were based
upon the literature study and a preliminary analysis. A detailed investigation of
process parameters will be presented in 3.10.
Selection of metals for MEMS devices is based upon their mechanical and elec-
trical properties in addition to their compatibility for processing [183]. Due to the
extensive popularity in the microindustry, copper and nickel became the natural
choice of substrate materials in this thesis. In addition, stainless steel, especially
AISI316, has been used in plethora of applications owing to its structural strength
[167, 184]. Thus, the following three materials are used as the substrate metal foils
in this thesis: pure copper (99%), pure nickel (99.9%), and stainless steel AISI 316
(Fe/Cr18/Ni10/Mo3). Another reason for choosing the above mentioned materials
has been the extensive information available for laser shock processing, which hence
can be used for comparison purpose in the later stages. The materials are received
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after annealing. The thickness of the metal foil was chosen as 25 µm in order
to realize the plastic deformation of the entire sheet thickness as in sheet metal
forming, instead of bulk forming with thicker metals. Mechanical properties of the
substrate metal foils, pure copper, pure nickel, and AISI 316 stainless steel, are
presented in Table. 3.1. True stress-strain curves from the literatures for copper
[16] and AISI 316 [17] is given in .
Table 3.1: Material properties of metal foils
Material properties Cu [181] Ni [185] AISI316
[186]
Density (Kg/m3) 8920 8890 7800
Young’s modulus (GPa) 126 207 202
Poisson’s ratio 0.34 0.31 0.3
Johnson-Cook parameters
A (MPa) 90 163 514
B (MPa) 292 648 514
C 0.025 0.006 0.042
n 0.31 0.33 0.508
ε˙0 1 1 0.001
Figure 3.2: True stress versus true strain curve for (a) Copper [181] (b) AISI 316
[187]
For the sacrificial ablative overlay material, graphite-based black paint and alu-
minum foils are chosen for this analysis based on the literature review (section
2.6.3) and the preliminary FPLSF analysis with black tape and aluminum foil as
the overlay materials (3.10.3.1). In laser material processing, the optical proper-
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ties of the materials are prominent for the selection of suitable laser parameters.
The reflectivity of the ablative overlay target and the substrate foils at different
wavelengths are measured using a spectrophotometer and compared in Fig. 3.3a.
For plasma confinement, water and glass are commonly used in laser shock
processing (section 2.6.4), which are adopted in this work. Fig. 3.3b shows the
transmittance of the confinement layer materials for a range of wavelengths. The
ablative overlay and confinement medium are compared in Table. 3.2 based on their
shock impedance, which is a significant parameter for the shockwave propagation.
Table 3.2: Shock impedance of materials [152]
Material Shock impedance (Z)
(gcm−2s−1)
Glass 1.3 x 106
Water 0.165 x 106
Aluminum 1.5 x 106
Copper 4.2 x 106
Figure 3.3: (a) Reflectivity of materials at different wavelengths (b) Transmittance
of confinement materials at different wavelengths
The selection of laser system is associated with the absorptivity of the target
material at the particular wavelength. A Q-switched Nd:YAG pulsed-laser is used
for the laser irradiation in this analysis with specifications as listed in Table. 3.3 as
the target aluminum overlay shows reasonably good absorption at the correspond-
ing wavelength. Absorptivity of the irradiated surface is expected to increase in
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the subsequent pulses due to melting and plasma coupling. The laser beam has a
squared energy profile with a focused size of 0.6 mm x 0.6 mm after a focal lens of
80 mm in focal length.
Table 3.3: Laser system parameters
Laser
type System
Wavelen-
gth (nm)
Beam
profile
Pulse
dura-
tion
(ns)
Repetiti-
on rate
(Hz)
Max.
pulse
energy
(J)
Output
power
(W )
Nd:YAG
Rofin
DQ x
50S
1064
Flat
Top-
Hat
38 6000 75 x10−3 500
3.2 Surface topography characterization
Topography of the deformed feature surfaces were characterized using a surface
profiler, Talyscan 150 contact profilometer (Taylor Hobson). Talyscan 3D surface
profiler was used to measure the deformation geometry and the surface topogra-
phies. An inductive gauge (diamond tip with a radius of 2 µm) with a resolution
of 7.35 nm was used to scan the surface of the features with a scanning speed of
1000 µm/s. The measured surface profiles were filtered for waviness with a cut-
off length of 0.025 mm. The typical profiles produced from the developed process
are hemispherical craters, as will be discussed in the next chapter. Scanning was
performed on either top or bottom surface of the features, and the corresponding
depth measured from the cross-section at the center are termed as bulge height and
crater depth respectively, as illustrated in Fig. 3.4. The diameter of the deforma-
tion profile was measured as illustrated in Fig. 3.4. Crater depth can be defined
as the maximum depth of the crater measured from the irradiated side of the foil
surface.
Alicona Optical 3D non-contact profiler, based on confocal microscopy, was also
used to measure the deformation profiles and the surface topographies. However,
due to the higher reflectivity of copper, Alicona results was observed to be less
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accurate. Therefore, the surface topography was measured using Talyscan surface
profiler throughout this thesis. To visualize the sample features, an optical micro-
scope (Zeiss Axioskop2 MAT) and Scanning Electron Microscope (JEOL 5600 LV)
were used.
Figure 3.4: Measurement strategy of deformation depth and diameter from the
surface profiler
3.3 Formation of microcraters
In this study, annealed 99.9% pure copper foil (25µm) was used as the specimen.
Aluminum foil with a thickness of 15µm was used as the ablative overlay. A thin
layer of vacuum grease was applied between the aluminum foil and the copper
foil in order to provide an accurate sealing. Deionized water was used as the
confinement layer in this study as water is one of the commonly used confining
mediums. The entire setup was placed in a container with water filled up to 4.2
mm above the copper foil. The selection of confinement thickness is attributed
to the following analysis: The critical thickness (em) of the confinement layer, the
minimum thickness required, is given as em = 0.5τD, where τ is the laser pulse
duration and D is the shock velocity, is calculated to be 31.35 µm at τ of 38 ns and
D of 1650 ms−1 [151]. However, when the confinement thickness of water layer was
smaller than 3 mm, copper surface was observed to be damaged under the laser
shock in this analysis. On the other hand, when the confinement water layer was
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too thick, it led to a significant reduction in the laser intensity due to the strong
absorption of the water to the laser energy. Thus, an optimum thickness of 4.2 mm
was used in this experiment.
Silicone rubber of 300 µm thickness was used as the flexible pad against which
the sheet deformation occurs. The thickness of the rubber pad is prescribed to be
at least 1.5 to 2 times greater than the depth of the forming cup in the rubber pad
forming process [69]. The maximum depth of craters was measured to be about
150 µm in our FPLSF experiments. Thus, a silicone rubber with a thickness of 300
µm which was the double of the maximum crater depth was used.
Experiments were conducted at a laser fluence of 13.6 J/cm2 with 45 pulses to
investigate the feasibility of FPLSF for fabricating micro-deformation craters in
copper foils. Fig. 3.5a and Fig. 3.5b compare the SEM image of the bottom and
top surfaces of the formed crater respectively. The corresponding 3D topography of
the bottom and top crater profiles, measured from the Talyscan surface profiler is
compared in Figs. 3.6a and 3.6b respectively. In this study, the deformation depth
and diameter of the formed sample are characterized by the parameters, bulge
height (h) and bulge diameter (Db) as indicated in Fig. 3.4. The bulge height
(h) and the crater depth (d) are related to the difference in copper foil thickness
(∆t = h− d) before and after FPLSF.
Figure 3.5: Crater formation on copper foil through FPLSF under the laser fluence
of 13.6 J/cm2 (a) SEM image of the crater bottom surface (b) SEM image of the
crater top surface
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It can be observed from Figs. 3.5 and 3.6 that the shape of the deformation
crater was hemi-spherical.This hemispherical crater formation in FPLSF despite
the flat-top beam can be attributed to the spherically propagating shockwave from
the top surface of the copper foil upon irradiation [155].
The maximum deformation depth was observed at the center of the crater. Thus,
the depth and diameter were measured at the crater cross-section at the center as
shown in Fig. 3.6c. The deformation depth (h) of the formed sample for the
laser fluence of 13.6 J/cm2 is measured as 95.6 µm. The deformation force that
is exerted on the metal foil which is placed over the silicone rubber depends upon
the laser-induced shock loading. The maximum laser-induced shock pressure (P ) is
calculated from the Fabbro’s model [160] as given in Eqn. 2.8. The calculated peak
shock pressure for 13.6 J/cm2 laser fluence is calculated to be 270 MPa. As the
induced shock pressure (270 MPa) upon irradiation is much higher than the yield
strength of the copper (90 MPa), the metal foil experienced plastic deformation.
Figure 3.6: Crater profiles measured by the stylus profilometer (a) 3D topography
of the bottom crater surface (b) 3D topography of the top crater surface (c) Cross-
sectional profile of the crater
The deformation diameter (Db) of the formed sample was 1.3 mm as shown in
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Fig. 3.6c. It can be noted that the observed deformation diameter is greater than
that of square beam size of 0.6 mm side. This behavior can be attributed to one or
more of the following behaviors, which will be examined in the following chapters:
(a) When the thermal energy generated by the laser irradiation is much higher, the
ablative overlay will be vaporized over an area much larger than the actual
irradiation area.
(b) The shockwaves emanating from the loading surface tend to propagate spher-
ically outwards [119, 155]. This shockwave propagation tend to increase the
plastic deformation region on copper foil.
(c) Typically, hyperelastic polymers experience deformation over a region much
larger than the loading area [65]. As the flexible pad is not constrained in
FPLSF, the rubber is expected to extend its active deformation area under
shock loading and have larger crater diameter.
These hypotheses on larger crater diameter will be explored in the upcoming chap-
ters of this thesis. Silicone rubber was found to retract to its initial position once
the deformed metal foil is removed from the rubber surface. In addition, no dam-
age on the rubber surface was observed after using the same rubber for several
experiments.
3.4 Process capability
Previously, the feasibility of FPLSF to induce plastic deformation on thin copper
foils has been demonstrated. However, the capability of FPLSF to produce different
deformation geometries has to be examined. It is understood from the literature
that the different deformation profiles can be achieved by controlling the process
variables. Laser pulse energy is found to be one of the most significant process
parameters that influence the deformation profile in laser shock forming processes
with mold [83, 84, 90]. Thus, experiments were performed initially with different
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laser fluence values ranging from 1 J/cm2 to 21 J/cm2 to analyze the corresponding
deformation on metal foils in FPLSF.
Figure 3.7: Effect of laser fluence on the geometry of craters formed on copper foil
(a) Deformation depth (h) (b) Deformation diameter (Db)
The deformation depth (h) and diameter (Db) of the formed craters are illus-
trated in Fig. 3.7. It is found that microcraters of depth ranging between 80 µm
and 130 µm were formed on copper foils for the laser fluence varying between 7.3
J/cm2 and 20 J/cm2. The relationship between the laser fluence and the deforma-
tion depth is approximately linear with the depth increasing along with the fluence
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Figure 3.8: Effect of laser fluence on the aspect ratio (Db/h) of the craters formed
on copper foil
(Fig. 3.7). According to Fabbro’s model, the plasma-induced shock pressure is
dependent on the laser intensity [160]. Therefore, the increase in depth can be
attributed to the increase in shock pressure exerted on the metal foil.
Experimental results as shown in Fig. 3.7 illustrate that copper foil experienced
no plastic deformation until a certain threshold of laser fluence (5.2 J/cm2) is
exceeded. The rationale behind this non-existing plastic deformation is limited to
the following two aspects:
(i) The absorbed laser energy is insufficient to vaporize the aluminum foil so that
no plasma and shockwave formation are experienced.
(ii) The shock pressure induced at the applied laser fluence is lesser than the yield
strength of copper to induce the plastic deformation of metal foils.
The second hypothesis related to the shock pressure was examined first. The
induced shock pressure calculated from Fabbro’s model (Eqn. 2.8) for 5.2 J/cm2
is 167 MPa, which is nearly twice the yield strength of copper (90 MPa). Thus, it
is evident that the plastic deformation threshold was not influenced by the shock
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pressure in this experiment. Henceforth, the first hypothesis of ablative overlay
vaporization was verified further by examining the aluminum foil surface. The
vaporization behavior of aluminum foil and copper foil crater formation at 5.2
J/cm2 laser fluence is illustrated in Fig. 3.9. It is clear from Fig. 3.9a that
no melting/vaporization of aluminum foil was experienced and hence no crater
formation at 5.2 J/cm2 fluence.
Figure 3.9: Influence of aluminum foil vaporization on crater formation in copper
foil at 5.2 J/cm2 (a) SEM image of aluminum foil top surface (b) SEM image of
copper foil top surface
The diameter of the deformation craters (Db) was also found to increase along
with the laser fluence as shown in Fig. 3.7b. The minimum deformation diameter
obtained was approximately 1 mm for the lowest laser fluence that induced plastic
deformation (7.3 J/cm2). With increase in laser fluence, combined occurrence
of following behaviors are expected: heat conduction to non-irradiated regions,
increase in shockwave amplitude along with propagation to a wider distance, and
larger deformation of flexible pad. These behaviors can also be attributed to the
increase in deformation depth along with the laser fluence. It is observed from Fig.
3.7 that the maximum deformation depth and diameter were experienced for 20.9
J/cm2 fluence which is the maximum laser output energy, i.e. 100% laser fluence.
A minor deviation of deformation diameter from the increasing trend was observed
at 9.4 J/cm2 fluence. This effect can be attributed to the unstable first laser pulse
and the non-uniform vacuum grease thickness. However, while considering the
standard deviation of the diameter values, the increasing tendency of the average
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deformation diameter can be still detected.
It is noticed from Fig. 3.8 that the aspect ratio (Db/h) of the craters reduced
with the increase in laser fluence. Comparing Fig. 3.7a and Fig. 3.7b, it can be
identified that the increase in depth (h) was greater than the increase in diameter
(Db) for the increase in laser fluence. The most significant parameters for the
deformation depth and diameter are found to be laser fluence and beam profile
respectively. As laser fluence is changing and beam profile is constant, it is obvious
that the variation in depth is larger than that of diameter. Also, in FPLSF, as the
shockloading is applied on the foil surface along the axial direction, the shockwave
propagation is expected to be faster axially than in radial directions, causing large
increase in depth.
The topographic surface integrity of the fabricated components is a major re-
quirement in the microfabrication industry. The top surfaces of the formed crater
at two different laser fluences are compared in Fig. 3.10. It is evident that the
crater surface is free of ablation, debris, melt zones, or wear marks, highlighting
the competence of FPLSF to produce damage-free surfaces.
Figure 3.10: Topographic Surface integrity of the crater surfaces at different laser
fluences (a) 7.3 J/cm2 (b) 20.9 J/cm2
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3.5 Fabrication of crater arrays
The reproducibility of FPLSF is demonstrated by fabricating an array of craters
on copper foils. Fig. 3.11 shows the surface topography and SEM images of the
craters at the laser fluence of 7.3 J/cm2. Smallest laser fluence of 7.3 J/cm2 for
which deformation is minimum and pitch length of 1.5 mm were used to fabricate
the craters as the 3x3 array. The standard deviation of deformation depth between
the individual craters of the formed array was measured to be 19.8 µm. Thus, it
is evident that the formed craters were uniform in shape and size indicating the
controllability of FPLSF process to produce uniform microfeatures on thin metal
sheets. As the crater diameter was greater than 1 mm, the pitch length of 1.5 mm
was used between the array craters to avoid the interference of shockwaves propa-
gating from adjacent irradiation spots. By reducing the beam sizes, generation of
crater arrays with narrow pitch length is feasible due to the reduction of individual
crater diameter. The deviation between the formed craters was due to the insta-
bility of the first pulse, minor variation in focus and the non-uniform thickness of
the vacuum grease applied between copper foil and the ablative overlay.
3.6 Process flexibility
The ability of the process to fabricate different crater sizes was demonstrated earlier
by varying the laser fluence. However, only a minor difference in crater diameter
was observed as it depends mainly on the laser beam size. Therefore, different
beam profiles have been tested to study the capability of the process to fabricate
different feature shapes and sizes.
In this experiment, FPLSF process was conducted using a fiber laser (wave-
length - 1090 nm, Gaussian beam, pulse duration - 42 ns, frequency - 12KHz,
output power- 200W). Fig. 3.12 shows the 3D profile of the craters measured by
the confocal scanning microscope and the optical microscopic image of the crater
bottom surface. It is evident that the craters with depth less than 30 µm and
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Figure 3.11: Crater arrays on copper foil at the laser fluence of 7.3 J/cm2; (a)
Topography of the formed craters at the bottom surface (b) Topography of the
formed craters at the top surface (c) SEM image (30◦ tilt) of the top surface of the
craters
Figure 3.12: Craters formed on copper foils using Fiber laser (a) 3D profile of the
crater (b) Microscopic image of crater bottom surface
diameter smaller than 250 µm were produced on copper foils.
In addition to copper, FPLSF produced microcraters on other substrate ma-
terials such as nickel and high strength stainless steel, which will be discussed in
later part of this chapter. The process capability can also be improved with in-
depth knowledge on the different process parameters, which will be explored in the
remaining parts of this thesis.
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3.7 Process mechanisms
Fabrication of deformation features in FPLSF involves different process mechanisms
as summarized in Fig. 3.13. The entire FPLSF process can be classified mainly
into two different mechanisms:
1. Laser-material interaction that induces shockwaves
2. Plastic deformation of metal foils and elastic deformation of flexible pad.
These two behaviors, shockwave formation and deformation of metal and flexible
pad are mostly independent. Fig. 3.14 represents the sequence of mechanisms
involved in FPLSF. The different processes involved at each stage is detailed below:
• Once the laser is applied, it passes through the confinement layer which is
placed at the top of the process configuration. The intensity of the laser beam
(I1) after passing through the confinement is expressed by Beer-Lambert law,
I1 = I0e−αx, where I0 is the initial laser intensity(W/cm2), α is the absorption
coefficient of the confinement medium (m−1)) , and x is the thickness of the
confinement (m) . The typical confinement mediums are almost transparent
to the laser beam at the wavelengths used in this analysis, as evidenced from
the transmittance of different materials at various wavelengths (Fig. 3.3b).
• The laser beam exiting the confinement layer hits the ablative overlay sur-
face. A part of the beam is reflected from the surface (as indicated from the
reflectivity (R) of materials at Fig. 3.3a) whereas the remaining energy is ab-
sorbed by the material. The intensity of the beam absorbed by the ablative
overlay material is given as, I2 = I1(1−R).
The temperature (T ) generated at the top surface at time t is calculated from
the following formulation [188]:
T (0, t) = 2I2
k
[
αtt
Π
]0.5
(3.1)
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where I2 is the absorbed laser intensity by the ablative overlay, k is the
thermal conductivity (W/mK), and αt is the thermal diffusivity of overlay
(m2/s). If the temperature generated on the top surface reaches the boiling
point, the material starts vaporizing. The depth of the vaporization (d) on
target material can be measured from [108],
d = I2tp
ρ[CP (Tb + Lv)]
(3.2)
where tp is the laser pulse duration (s), ρ is the material density (kg/m3), CP
is the specific heat capacity (J/kgK), Tb is the boiling temperature (K), and
Lv is the latent heat of vaporization (J/kg). It is noted that the vaporization
depth depends upon the laser intensity and the pulse duration in addition to
the inherent material properties.
• Once the generated vapor along the overlay surface is further heated by the
laser beam, it is transformed into high pressure, high temperature plasma
rapidly. In high power laser conditions, as used in this experiment, vaporiza-
tion occurs instantaneously due to the excessive laser energy. The intensity
of plasma formation is a factor of the volume of vaporization.
• Subsequently, the pressure difference between the inner and outer plasma
regions results in the expansion of the plasma along the available region
between the confinement and the ablative overlay. The plasma expansion
depends upon various factors as discussed in section 2.4.5.
• As the plasma expansion is constricted by the confinement layer and the
metal foil, shockwaves are induced in both the directions axially [160]. The
shockwave directed towards the metal transfers the momentum to the foil.
• The plastic deformation of the metal foil is initiated once the induced shock
pressure on the top surface exceeds the yield strength of the material. As the
flexible pad is an elastic polymer, it deforms readily along with the displacing
metal foil. Once the deformation is started at room temperature, its yield
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stress tends to increase due to the hardening behavior (as discussed in section
2.5.2). Thus, the further plastic deformation is possible only if the shock
pressure is greater than the dynamic yield strength of the material.
• As a result of its elastic properties, the flexible pad retracts to its original
position once the metal foil is removed from the pad or loading is stopped,
whereas a permanent deformation is induced on the metal foil.
The sequence of the mechanisms involved in FPLSF is illustrated in Fig. 3.14. The
schematic of the plastic deformation in FPLSF is illustrated in Fig. 3.15.
Figure 3.14: Process sequence of FPLSF
3.8 FPLSF - Advantages
The major objective of this thesis has been the elimination or replacement of micro-
molds to produce simple 3D microfeatures on metallic materials. While successfully
demonstrating the capability to fabricate microfeatures on thin metal foils, the de-
veloped technique possesses significant advantages as follows:
91
Figure 3.15: Schematic of deformation mechanism in FPLSF
• Primarily, FPLSF does not require the expensive and time-consuming process
of mold/punch fabrication to realize the plastic deformation on metal foils
while producing microdeformation features
• FPLSF enhances the process flexibility in the microforming domain as differ-
ent features can be fabricated using simple flat flexible pad through control-
ling the process parameters, especially laser fluence and beam profiles.
• Though the process cycle time of FPLSF compared to existing microforming
processes is largely reduced owing to the elimination of micromold fabrication,
the following factors cause a further reduction in the cycle time:
2 No alignment is needed between the process components in FPLSF as
required between the dies and punches in deep drawing, and between
laser beam and dies in laser dynamic forming processes.
2 As the pulse duration of laser beam is in nanoseconds, the entire defor-
mation process is expected to complete within few nanoseconds/microseconds.
2 As no damage to the flexible pad is observed after shock pressure appli-
cation, the same pad can be reused for large number of cycles.
• FPLSF involves no major friction between the process components during
the deformation of metal foils, which contributes the following benefits:
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2 Fabricated features has excellent surface integrity as damage-free sur-
faces are produced with FPLSF, as seen in Fig. 3.10.
2 Modeling of the process requires no consideration of frictional effects,
which is complicated especially with the microforming due to the pres-
ence of size effects.
• The replacement of micromold with the flexible pad in FPLSF provides fol-
lowing significant advantages to the deformation behavior of metal foil:
2 While deforming the metal foils using micromolds, material fracture
occurs in the mold fillet region, where the local plastic strains are high
[90]. As a flat flexible pad is used in this process, the possibility of
stress localization will be reduced thereby minimizing the occurrence of
foil fracture.
2 If the forming velocity of the metal foil is higher than a critical velocity,
fracture of material takes place [158]. For processes with the micromolds,
the forming velocity of the material may reach the critical velocity, as
the deformation is not restricted until it reaches the mold bottom. In
FPLSF, as the deformation of the metal foil is controlled by the stiffness
of the flexible pad, forming velocity of the metal foil is restricted and
the occurrence of fracture will be reduced.
In addition to the above-mentioned advantages of FPLSF, significant benefits re-
garding the material formability, mechanical properties of the deformation features,
and the microstructural modifications are expected, which will be investigated in
the following chapters.
FPLSF is limited by its incapability to fabricate intricate feature shapes as
produced by the processes using micromolds. Nevertheless, the range of feature ge-
ometries pertaining to FPLSF can be comparable to a substantial number of exist-
ing applications. The benefits of microtexturing, especially micro-dimple surfaces,
has been well established in various applications including aerospace, automobile,
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Figure 3.16: Aluminum foil vaporization behavior at laser fluence of 7.3 J/cm2;
SEM image of aluminum foil after FPLSF (a) Top surface (b) Bottom surface ; (c)
Crater top surface on copper foil
MEMS devices, and fluidics for their tribological properties [189–191]. Recently, the
microtextures acquire an extensive applicability in bioimplants as the dimples and
grooves enhance the biocompatibility of implant surfaces due to the improved ad-
herence of the tissues [184]. The fabrication of microsized craters/dimples on metal
foils using FPLSF could be deployed for the aforementioned applications. Further-
more, the fabrication of fuel cell components, especially bipolar plates, are produced
using processes including rubber pad forming and hydroforming [43, 46, 48]. Due
to the similarity of FPLSF to these processes, but with improved process capa-
bilities, the microcomponents can also be fabricated using FPLSF with controlled
laser processing parameters. Large area processing of functional components is
rapidly growing in recent times using processes like roll-to-roll embossing of large
surfaces, where metallic materials are employed as the dies. As FPLSF is an ideal
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technique to fabricate identical microfeatures (microdimples) on large surfaces at
a faster rate, it can be used to produce metallic microdies for embossing polymer
substrates.
3.9 Inferences
Following inferences can be deduced from FPLSF experimentation:
1. Vaporization depth of ablative overlay is identified to be an important pa-
rameter in producing the deformation features. Fig. 3.17 illustrates differ-
ent possible cases of overlay vaporization and the corresponding influence
on shockwave propagation. If the entire thickness of ablative overlay is not
vaporized, shockwave propagates from the irradiated overlay surface rather
than at the metal foil surface, as seen in Fig. 3.17a. Vaporization of only the
top portion of aluminum foil at 7.3 J/cm2 can be observed from Fig. 3.16a.
Shockwave propagating from aluminum foil also induced plastic deformation
on aluminum foils as seen in Fig.3.16b. This partial vaporization of ablative
overlay is the reason for the formation of crater with no thermal damage
to the copper surface at 7.3 J/cm2 fluence (Figs. 3.16c and 3.10a). This
behavior will be investigated in detail at section 3.10.3.1.
2. For higher laser fluence (20.9 J/cm2), the entire thickness of the aluminum foil
was ablated as shown in Fig.3.18a. It is interesting to observe from Fig.3.18
that the craters were formed on copper foil with no significant thermal damage
despite the direct exposure of copper surface to the laser beam (as illustrated
in Fig. 3.17b). This damage-free copper surface at 20.9 J/cm2 as witnessed
from Figs. 3.18 and 3.10b could be attributed to the following aspects:
(a) High reflectivity of copper at 1064 nm wavelength (88%) may reduce
the absorption of laser by copper surface and any possible melting or
vaporization.
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Figure 3.17: Different cases of overlay vaporization and the corresponding shock-
wave propagation (a) Partial vaporization of overlay thickness (b) Complete vapor-
ization of thickness, with no thermal damage (c) Complete vaporization of thick-
ness, with thermal damage
(b) Any possible melt debris of aluminum foil on the copper surface will be
solidified instantaneously as the melting point of aluminum (660.4°C) is
lesser than the melting point of copper (1085°C).
(c) Vacuum grease which is present between the copper and aluminum foils
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prevents the aluminum debris to contact the copper surface and also
vaporized upon interaction with the laser
Therefore, it is understood that the vaporization of aluminum foil has a
significant role in FPLSF to produce damage-free surface of the deformation
features.
3. The absence of plastic deformation as a result of insufficient shock pressure
is due to one or more of the following two behaviors:
(a) At smaller fluence, vaporization volume is lesser causing a reduction in
plasma density and hence the insufficient shock pressure.
(b) The shockwave attenuation within the thickness of ablative overlay (Fig.
3.17) results in a larger reduction of shock pressure.
4. It has to be highlighted that the plasma formation, expansion, and the shock-
wave propagation occurs simultaneously during the process. Once the shock-
wave is impacted on the material, the metal foil starts deforming. As the
overlay is sealed to the metal foil, it displaces along with the foil. This dis-
placement of overlay surface could induce the following effects:
(a) Once the overlay is repositioned, the interface between the overlay and
confinement is enlarged, allowing the expansion of plasma to occur more
easily. This effect may reduce the magnitude and the duration of the
shockpressure.
(b) Alternatively, instead of spreading over a larger area (similar to the
beam area), the plasma could be trapped inside the hemispherical crater
adopted by the displaced overlay. This entrapment may provide effective
confinement for plasma, thereby increasing the magnitude and duration
of the shockpressure.
(c) There will be defocussing of ablative overlay surface upon its displace-
ment due to the first laser pulse. When the next pulse is irradiated, the
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defocussed beam may not induce enough vaporization for the plasma
formation.
5. The entire deformation process is completed within few microseconds (also
confirmed by the finite element analysis as discussed in Chapter 6). The
behavior of metal deformation during subsequent laser pulses is intriguing to
explore.
The rest of the thesis will explore some of the above-mentioned behaviors/hypotheses
in order to understand the developed process.
Figure 3.18: (a) SEM image of aluminum foil (thickness - 15 µm) top surface at
20.9 J/cm2 (b) Copper foil (thickness - 25 µm) top surface
3.10 FPLSF - Parametric Study
The significance of various process variables on the fabrication of deformation fea-
tures in FPLSF is investigated in this section.
3.10.1 Effect of foil material
The influence of substrate foil material on the crater formation in FPLSF is ana-
lyzed at the following conditions: foil thickness - 25 µm; confinement - water (4
mm); ablative overlay - aluminum (15 µm); flexible pad - silicone rubber (0.3 mm);
number of laser pulses - 45. The crater depth at various laser fluences has been
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compared for copper and stainless steel in Fig. 3.19a. For the laser fluence varying
from 7.3 J/cm2 to 20 J/cm2, the deformation craters with depth ranging between
29 µm and 48 µm were formed on stainless steel foils, in comparison to craters
deeper than 80 µm with copper foils. It is obvious that the amount of plastic de-
formation reduces with the increase in material strength. However, the diameter of
the craters showed little variation between copper and stainless steel foils as seen
in Fig. 3.19b. This behavior can be attributed to the fact that the vaporization
of the ablative overlay and the subsequent shockwave propagation are identical in
both the cases.
Figure 3.19: Effect of substrate foil material on (a) Crater depth (b) Crater diam-
eter at different laser fluences
3.10.2 Effect of number of pulses
The crater formation on copper foil between single pulse and 45 pulses has been
compared with the following parameters in this analysis: confinement - water (4
mm), flexible pad - silicone rubber (0.9 mm); ablative overlay - aluminum (15 µm).
Fig. 3.20 compares the top surfaces of the aluminum foil ablative overlay and the
deformation crater on copper foil between one pulse and 45 pulses. It is evident from
the observations that the single pulse irradiation had been sufficient to produce the
deformation crater. The deformation feature size is found to increase along with
an increase in number of pulses. When the number of pulses was increased to 45,
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the crater diameter increased by about 25 % to that of one pulse as witnessed from
Figs. 3.20b and 3.20c. The increase in crater diameter was corresponding to the
larger depth and area of aluminum foil vaporization with increase in laser pulses to
45, which is shown in Fig. 3.20a. Multiple pulses vaporizes more overlay material,
resulting in an increased plasma formation and subsequent propagation along the
radial direction. This phenomenon is attributed to the larger crater diameter at 45
pulses.
Figure 3.20: Comparison of crater formation on copper foil between single pulse
(top) and 45 pulses (bottom) irradiation at 13.6 J/cm2 laser fluence: (a) SEM
image of aluminum foil top surface (b) SEM image of the crater top surface on
copper foil (c) Cross-sectional profile of the crater at its center
The comparison of deformation depth and top surface hardness (measurement
procedure as detailed in 5.2.2) of the craters between one pulse and 45 pulses
for various laser fluences is presented in Fig. 3.21. For the laser fluence of 20.9
J/cm2, the crater depth was observed to increase from 113.2 µm to 123.5 µm with
the increase in number of pulses from single to 45 pulses, as seen in Fig. 3.21a.
Thus, it is evident that more than 90% of the final depth of the formed crater was
achieved during the first pulse itself. This behavior of smaller increase (<10%)
in crater depth during subsequent laser pulses is attributed to one or more of the
following effects:
• Once the foil deformation is initiated upon the first pulse, yield stress of the
material increases due to workhardening behavior. This effect is evident from
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Fig. 3.21b where the hardness of the top crater surface after the first pulse
is higher than the hardness after multiple pulses. The reduction in hardness
with the multiple pulses could be due to the direct heating of copper surface as
the overlay aluminum foil was completely vaporized. Due to workhardening
of foils after the first pulse, further plastic deformation during the subsequent
pulses is restricted and only a small increase in crater depth was observed.
• During foil deformation with the first pulse, the aluminum foil overlay dis-
places along with the copper foil as both foils are firmly sealed together using
the vacuum grease. This movement of aluminum foil provides a defocussing
effect during subsequent pulses and reduces the laser intensity on the alu-
minum foil surface. This would have caused lesser vaporization and hence
smaller increase in crater depth after the first pulse.
3.10.3 Ablative Overlay
3.10.3.1 Ablative overlay material
The selection of ablative overlay, the sacrificial coating, is based on several material
properties including absorption coefficient (higher is better), heat of vaporization
(low), thermal conductivity (low), and acoustic impedance (high). The literature
review identified the graphite based materials, especially, the black paint coating
as one of the commonly used absorbent coatings/layers in laser shock processing.
Thus, commercially available black paint was tested initially. The paint was man-
ually applied over the metal foil, with thicknesses ranging between 15 µm to 45
µm. It is evident from Fig. 3.22a that the black paint coating demonstrates better
absorption behavior as the effective area of vaporization (~ 1500 µm) was observed
to be almost 2.5 times larger than the beam size of 600 µm. However, following
limitations are identified with black paint as the ablative overlay in FPLSF:
• As the diameter of the deformation feature depends upon the vaporization
area of the overlay, maintaining the feature diameter closer to the laser beam
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Figure 3.21: Comparison of deformation craters between one pulse and 45 laser
pulses (a) Crater depth (b) Crater top surface hardness
size is difficult with black paint due to the larger vaporization.
• Fabrication of closer-distance features, such as arrays or continuous patterns,
is not possible as the enlarged vaporization hinders the irradiation at adjacent
regions.
• Multiple pulse irradiation require thicker coatings or reapplication of paint
between successive pulses.
• Practical limitations were encountered with controlling the thickness of the
paint and its uniformity.
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• Chemical cleaning is required to remove the black paint from the formed
component.
Aluminum foil has also been used as the sacrificial layer in laser-induced shock
processes. Thus, aluminum foil with thicknesses ranging between 15 µm and 25 µm
thickness has been tested as the ablative overlay in this study. As evident from Fig.
3.22b, aluminum foils have the vaporization area close to the laser beam area of 600
µm x 600 µm during laser irradiation. In comparison, the extent of vaporization
with aluminum foil has been at least two times lesser than with black paint as
compared in Fig. 3.22. Thus, smaller craters can be produced with aluminum
foil. In addition, aluminum foil is optimum to produce features adjacently, as
demonstrated in the fabrication of arrays (3.5). More importantly, aluminum foil
can be peeled off easily from the deformed foil surface after the completion of the
laser shock forming, unlike other ablative materials, paint coatings and black tape,
which are hard to remove from the foil surface.
Figure 3.22: Comparison of vaporization behavior between different ablative over-
lay materials (a) Black paint (b) Aluminum
3.10.3.2 Ablative overlay thickness
Investigation of ablative overlay thickness was conducted at the following condi-
tions: substrate - copper (15 µm); confinement - water (4 mm); flexible pad -
silicone rubber (0.9 mm); ablative overlay - aluminum (15 µm); defocussing - +1
mm; number of laser pulses - 45. Fig. 3.23 compares the crater depth on copper foil
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between two different thicknesses of ablative overlay with change in laser fluence.
Interestingly, two different behaviors corresponding to the ablative overlay thick-
ness were observed over the range of laser fluence tested. For the smallest laser
fluence of 7.3 J/cm2, larger crater depth occurred with the thicker 25 µm over-
lay thickness. Whereas, with increase in laser fluence (greater than 13.6 J/cm2),
deeper craters were produced with smaller overlay thickness of 15 µm. In order to
analyze these results further, it is essential to outline the behaviors pertinent to the
overlay thickness vaporization. When the laser is irradiated on the ablative over-
lay, either complete or partial vaporization of its thickness is observed depending
upon the laser fluence, as discussed in the section 3.8. When the entire thickness
of ablative overlay occurs, the shockwaves are directly applied on the substrate foil
(Figs. 3.17b and c). Meanwhile, as illustrated in Fig. 3.17a, the partial vaporiza-
tion of thickness imparts two contrasting mechanisms which occur concurrently, as
follows:
1. When the shockwave passes through the remaining thickness of the over-
lay, there will be attenuation of shockwaves before reaching the metal foil.
Additionally, a part of the induced shock pressure is also consumed by the
plastic deformation of aluminum foils. The shockwave attenuation causes a
reduction in shock pressure and hence a reduction in the deformation size.
2. When the shockwave propagating through the overlay contacts the sub-
strate material, the difference in impedance of the materials will impart the
“impedance mismatch” effects. In FPLSF conditions, the impedance of alu-
minum overlay (Z1= 1.5 x 106) is lesser than the copper substrate (Z2= 4.2
x 106), an increase in pressure magnitude is expected when the shockwave
reaches the copper surface which will increase the deformation size subse-
quently.
These two contradictory behaviors, shockwave attenuation and pressure enhance-
ment as a result of partial vaporization of ablative overlay, influence the process
outcomes. It is obvious that the vaporization depth of overlay upon irradiation is
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identical, irrespective of its thickness. Thus, with thicker overlays, the shockwaves
pass through the remaining thickness, causing a reduction in shock pressure and
hence crater depth. The aforementioned shockwave attenuation resulted in the
reduction of crater depth with 25 µm overlay thickness as observed in Fig. 3.23.
Larger crater depths at 7.3 J/cm2 fluence for 25 µm could be possible only if
two following behaviors occur simultaneously:
• The thinner overlay is completely vaporized and shock pressure applied di-
rectly on the metal foil.
• Partial vaporization with thicker overlay results in pressure enhancement
larger than the shockwave attenuation.
Figure 3.23: Effect of ablative overlay thickness on crater depth
3.10.4 Confinement Layer
3.10.4.1 Confinement medium
Fused silica glass and deionized water confinements were investigated at three dif-
ferent laser fluence values (7.3 J/cm2, 13.6 J/cm2 and 20.9 J/cm2) . The thick-
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nesses of glass and water confinements were 4 mm and 6 mm respectively. The
other processing conditions are as follows: flexible pad - silicone rubber (0.9 mm);
defocussing - +1 mm; number of pulses - 45. The depth, diameter, and shape of
the deformation craters are compared between glass and water confinements in this
analysis.
Figure 3.24: Surface topography of the craters formed by FPLSF with (a) Glass
confinement (b) Water confinement
The surface topography of craters formed at different laser fluences for water
and glass confinements is compared in Fig. 3.24. It is evident that, hemispherical
craters were formed at all laser fluence levels tested when using the water confine-
ment. In case of glass confinement, though the lesser laser fluence (7.3 J/cm2 and
13.6 J/cm2) produced hemispherical craters, feature shapes identical to shockwave
ripples were formed on the copper foils at 20.9 J/cm2 fluence as shown in Fig.
3.24a. This behavior is identified to be influenced by the difference in vaporiza-
tion behavior of aluminum overlay between water and glass confinements, which is
shown in Fig. 3.25. As the transmittance of fused silica glass (94%) is higher than
that of water (81%), incident laser energy on the ablative overlay is higher with
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glass. As a result, the aluminum foil overlay was completely ablated for all laser
fluences, as shown in Fig. 3.25a, exposing the copper foil to the laser beam. This
induced the vaporization of the copper foil top surface, as shown in Fig. 3.26a for
13.6 J/cm2 and Fig. 3.26b for 20.9 J/cm2. Severe vaporization of the copper foil
surface at 20.9 J/cm2 with glass (Fig. 3.26b) induces the shockwaves to propa-
gate starting from the vaporized depth of the copper foil, instead of propagating
from the surface. This behavior could have resulted in the the difference in feature
shapes, especially the shockwave ripples with glass confinement. This formation of
shockwave structures on the copper foil can also be attributed to the wave guidance
of the shockwave by the glass. Furthermore, the plasma propagation will have a
significant impact on the foil deformation features, the effect of which will be an-
alyzed in the next chapter. Meanwhile, damage-free crater surface was produced
with water confinement even at the maximum laser fluence of 20.9 J/cm2 (Fig.
3.26d).
The depth and diameter of the craters for water and glass confinements are
compared in Fig. 3.27. For both water and glass confinements, an expected increase
in depth and diameter of the craters along with the laser fluence was identified
in correlation with laser-induced shock pressure. When comparing crater depth
between water and glass, larger depth was observed with water confinement for laser
fluences 7.3 J/cm2 and 13.6 J/cm2 as seen in Fig. 3.27a. This is an interesting
observation as deeper craters were expected with glass confinement due to the
following factors:
• According to Fabbro’s shock pressure model, induced shock pressure is di-
rectly proportional to shock impedance of the target and confinement mate-
rials [160]. As shock impedance of glass (1.3 x 106 gcm−2s−1) is greater than
shock impedance of water (0.165 x 106 gcm−2s−1), induced-shock pressure is
higher with glass, hence deeper craters are expected.
• Due to the higher transmittance of glass than water, incident laser energy is
larger at the ablative overlay surface with glass confinement. Thus, higher
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Figure 3.25: Effect of laser fluence on aluminum foil irradiation in FPLSF with (a)
Glass confinement (b) Water confinement
shock pressure is expected subsequently.
Despite these factors, water confinement produced deeper craters owing to the
following behaviors:
• As a result of the excessive irradiation energy with glass, the aluminum foil
overlay was completely ablated as shown in Fig. 3.25a, vaporizing the copper
foil top surface (Fig. 3.26), which hence resulted in the reduction of induced
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Figure 3.26: Surface integrity of copper top surface with glass and water confine-
ments in FPLSF (a) Damaged copper surface at 13.6 J/cm2 laser fluence with glass
(b) Damaged copper surface at 20.9 J/cm2 laser fluence with glass (c) Damage of
fused silica glass at 20.9 J/cm2 (d) Copper top surface at 20.9 J/cm2 with water
confinement
shock pressure and hence the reduction in the crater depth.
• Partial vaporization of overlay with water confinement as seen in Fig. 3.25b
caused the shockwave propagation through the aluminum foil. As detailed
previously, this will result in the enhancement of shock pressure amplitude
due to the impedance mismatch effects. There will be no impedance mismatch
in case of glass due to the complete vaporization.
• With glass confinement, the accurate sealing between foil and glass is not
maintained throughout the foil forming duration as the confinement breaks
off once the foil starts deforming. In case of water, perfect confinement ex-
ists during the entire laser irradiation and foil deformation. This behavior
with water is expected to result in highly confined plasma and higher shock
pressure subsequently, which will be examined further in the next chapter.
Contrarily, deeper craters were attained with glass confinement for the fluence of
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20.9 J/cm2 due to the corresponding shockwave structure formation. Furthermore,
the vaporization of copper foil top surface at 20.9 J/cm2 (Fig. 3.26b) with glass
confinement caused a reduction of foil thickness. Thinner foils result in an increase
of material velocity and deformation depth.
Figure 3.27: Comparison of dimensions of craters formed by FPLSF using water
and glass confinements (a) Crater depth (b) Crater diameter
In FPLSF, the diameter of the crater has been proportional to the laser beam
properties. As the same beam with uniform spatial intensity profile was used in
this experiment, the variation in crater diameter for the increase in laser fluence is
expected to be minimum, which was adhered with the water confinement as shown
in Fig. 3.27b. Conversely, the crater diameter with glass confinement ranged
between 3 mm to 4.5 mm, which is much higher than the laser beam size (0.6
mm) and the crater diameter with water (1 mm to 2 mm). The larger crater
diameter with glass is a resultant of the corresponding larger vaporization area as
witnessed from Fig. 3.25a. Free plasma expansion at successive laser pulses with
glass confinement could also induce the larger deformation diameter. In addition,
the increase in laser fluence resulted in larger change in crater diameter with glass.
This behavior is explained as follows:
• The increase in crater diameter with fluence is attributed to the corresponding
change in vaporization behavior of aluminum foil. As seen from Fig. 3.25,
the effective vaporization area of the aluminum overlay increased in large
proportion along with laser fluence for glass confinement. Whereas, with
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water, despite an increase in vaporization depth, the area of vaporization
remained closer to the beam size.
• At higher laser fluences, the formation of shockwave structures on copper
foil with glass confinement is the reason for an excessively large crater di-
ameter whereas only uniform hemispherical craters were formed with water
confinement at all fluences.
3.10.4.2 Confinement thickness
The effect of confinement layer thickness has been tested where water confinement
with other processing conditions are similar to the previous case. It is noted that the
reduction in absorbed laser intensity and the refraction effects with the increased
confinement thickness were not considered.
Fig. 3.28 illustrates the change in depth and diameter of the deformation craters
with respect to the confinement layer thickness for two different laser fluences. It
is observed from Fig. 3.28a that, for an increase in confinement thickness from 4
mm to 8 mm, the crater depth increased from 143 µm to 205.5 µm for 7.3 J/cm2
whereas from 167.3 µm to 205 µm for 13.6 J/cm2. Similarly, an increase in crater
diameter was observed along with the confinement thickness as seen in Fig. 3.28b.
It is noted that the crater size increased along with the confinement thickness in
spite of the corresponding reduction in incident laser intensity.
Morales et al. [172] identified the shockwave propagation within the confine-
ment layer to be influenced by the confinement thickness. Whereas, Ocana et al.
[173] observed an increase in plasma pressure along with the increase in confine-
ment thickness. The increase in crater size in FPLSF along with the increase in
confinement thickness can be attributed to the aforementioned increase in plasma
pressure. Even though a correlation of confinement thickness with the plasma
confinement and the shock pressure could be derived from these literature find-
ings, a detailed investigation of laser-induced plasma is required to understand the
observed experimental results in this analysis.
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Figure 3.28: Effect of confinement layer thickness on the crater formation (a) Crater
depth (b) Crater diameter
3.10.5 Flexible Pad
3.10.5.1 Pad material
To study the effect of flexible pad material (hardness) on the metal foil deforma-
tion, the following three different rubber materials, silicone rubber (SR), natural
rubber (NR), and polyurethane rubber (PU) have been tested. Thickness of the
flexible pad was kept constant as 900 µm in this study. The analysis is compared
for different metal foils including copper, nickel and stainless steel. The other pro-
cessing conditions were as follows: confinement - water (4 mm); ablative overlay -
aluminum (15 µm); laser fluence - 13.6 J/cm2, number of laser pulses - 45.
Fig. 3.29 presents the experimental observations of the effect of flexible pad
material on the deformation characteristics of metal foil including crater depth,
foil thinning at the formed crater center (measurement method in 5.1), and top
and bottom surface hardness at the crater center (measurement method in 5.2.2).
As noticed from the stress-strain curve at Fig. 6.7, the three materials are sorted
according to their hardness as follows: polyurethane rubber > natural rubber >
silicone rubber for strain levels greater than 0.5, whereas silicone rubber is observed
to be stiffer than natural rubber for strain smaller than 0.5.
The effect of flexible pad material on the crater depth for three different foil ma-
terials is shown in Fig. 3.29a. For similar processing conditions, the crater depth
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Figure 3.29: Experimental investigation of the effect of flexible pad material on (a)
Crater depth (b) Foil thinning at crater center (c) Crater top surface hardness at
center (d) Crater bottom surface hardness at center
produced with silicone rubber, natural rubber, and polyurethane rubber pads on
copper foil was 97.8 µm, 110 µm, and 31.8 µm, respectively. It is evident that
the maximum and minimum crater depths were achieved with natural rubber and
polyurethane rubber respectively. The similar tendency was repeated for other foil
materials tested, nickel and stainless steel. Thus, it is clear that a reduction in
crater depth has been observed with an increase in flexible pad hardness, irrespec-
tive of the foil material tested. It is obvious that the increase in pad hardness
increases the restriction to the metal foil deformation, thereby reducing the defor-
mation of the foils. Despite minor changes, the flexible pad material was found
to have no significant influence on the crater diameter as the lateral dimensions
of the crater is controlled mainly by the laser beam profile which was maintained
constant in this study.
As a result of metal foil plastic deformation in FPLSF, the foil experiences a
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reduction in thickness, which ranged between 4% to 35% across different combina-
tions of metal foils and flexible pad materials. Fig. 3.29b compares the experimen-
tal results of the effect of flexible pad material on the foil thinning at the center
of the crater. The maximum thinning was observed with natural rubber, softest
of the three pads tested, irrespective of the deformed metal foil (35%, 14.6%, and
12.7% for copper, nickel, and stainless steel, respectively). Despite a minor varia-
tion with nickel, the minimum thinning of foils was experienced with the hardest
polyurethane rubber pad (8.7% for copper and 4.6% for stainless steel). Thus, it is
evident that the thinning decreased with the increase in flexible pad hardness for
copper and stainless steel metal foils. The same behavior can also be identified with
nickel foil considering the corresponding standard deviation of thinning (1.2%).
The influence of flexible pad material on the hardness at the center of top and
bottom crater surfaces of the deformed metal foils is illustrated in Figs. 3.29c and
3.29d. For increase in pad hardness, a reduction in hardness at the top surface was
observed for copper foil as shown in Fig. 3.29c. For stainless steel foil, except an
inconsistency with the natural rubber pad, the similar behavior can be observed
between silicone rubber and polyurethane rubber. Similar to the top surface, the
hardness at the bottom surface of the crater decreased with an increase in pad
hardness for both the metal foils. Therefore, it is evident that the hardness at both
the top and bottom foil surfaces increases as a result of FPLSF irrespective of the
metal foil and the flexible pad.
The experimental observation of reduction in thinning and crater surface hard-
ness with the increase in pad hardness is an intriguing behavior. During the defor-
mation in FPLSF, the shockload acts on the top surface of the metal foil during
its entire duration. Meanwhile, bottom surface of the foil will be experiencing re-
sistance against the deformation from the flexible pad. With increase in flexible
pad hardness, there will be more resistance to the foil deformation causing com-
pression of the foil in the thickness direction. In addition, once the compression
of the flexible pad reaches the saturation limit, restriction to further compression
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will cause shockwaves to be directed back towards the foil. Thus, the foil is ex-
pected to experience more compression and hence increase in thinning and surface
hardness with the increase in rubber hardness. Contrary to this hypothesis, both
the thinning and surface hardness reduced along with the hardness of the flexible
pad in this analysis. Though the observed behavior of flexible pad on thinning and
hardness correlate with induced plastic deformation (crater depth), examining the
stress-strain distribution along the metal foil and flexible pad is required to address
the pertinent uncertainties. Finite element analysis of the process in chapter 6 will
explore the flexible pad effect in detail.
3.10.5.2 Pad thickness
The effect of flexible pad thickness on deformation characteristics of metal foil in
FPLSF is analyzed using various pad materials and metal foils. Fig. 3.30 compares
the experimental observation of crater depth, foil thinning at crater center, and
the top and bottom surface hardness at the crater center between two flexible pad
thicknesses, 900 µm and 3000 µm for different foil materials and flexible pads.
For increase in pad thickness from 900 µm to 3000 µm, the crater depth increased
from 110 µm to 112.7µm for copper foil, whereas a large increase from 23.7 µm to
55.9 µm occurred for stainless steel foils with natural rubber pad. The behavior
of pad thickness has been identical with silicone rubber despite a discrepancy on
copper foil. Thus, it can be identified that the crater depth increased along with
the increase in pad thickness.
The experimental results for the pad thickness effect on foil thinning is shown
in Fig. 3.30b. For increase in pad thickness 900 µm to 3000 µm, thinning on
stainless steel foil increased from 7.8 % to 8.8 % with silicone rubber pad, and from
12.7 % to 17.8 % with natural rubber pad. Similar behavior was observed with
copper foil despite an error with natural rubber pad. Thus, the results indicate
an increasing trend for thinning along with the pad thickness, though the change
was minimum. Contrarily, the hardness at both the top and bottom surfaces of
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Figure 3.30: Experimental investigation of the effect of flexible pad thickness on
(a) Crater depth (b) Foil thinning at crater center (c) Crater top surface hardness
at center (d) Crater bottom surface hardness at center [SR – Silicone rubber; PU
– Polyurethane rubber]
the crater experienced a reduction with increased pad thickness as evidenced from
Fig. 3.30c and Fig. 3.30d respectively.
In summary, the increase in flexible pad thickness caused an increase in crater
depth and thinning but with a reduction in surface hardness. Therefore, it is
inferred that an optimum pad thickness exists to maximize the feature deformation
with enhanced surface hardness.
Following aspects pertinent to the flexible pad thickness addresses the possible
causes for the observed behavior:
• The flexible pad is compressed when the foil deforms due to the shockwave
propagation. Once the pad attains its maximum compression, further defor-
mation will not be possible. Then, the pad will induce a counter pressure,
which acts in the direction opposite to the shock pressure, towards the metal
foil. This counter pressure will restrict the deformation of the foil. The
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amplitude of the counter pressure depends upon the pad thickness and the
mechanical properties of the flexible pad.
• When the pad thickness is small, elastic waves propagating in the rubber will
induce a rarefaction wave when the plastic wave is still propagating in the
metal foil. This rarefaction wave could lead to the reduction in amplitude of
the plastic wave and hence the reduction in the metal foil deformation.
The examination of shockwave interactions for the change in flexible pad thickness
will be performed using finite element analysis.
3.11 Summary
This chapter introduced the Flexible Pad Laser Shock Forming (FPLSF) process
which is a mold-free microforming technique using the laser-induced shockwaves
and a flexible pad to induce plastic deformation on metal foils. Using FPLSF, mi-
crocraters of depth ranging between 80 µm and 130 µm and radius ranging between
485 µm and 616 µm were formed on copper foils of 25 µm thickness for the laser
fluence varying between 7.3 J/cm2 and 20 J/cm2. It was observed that the formed
craters were in hemi-spherical shape for the square-shaped laser beam with flat-top
intensity profile. The deformation depth and diameter of the craters were found
to be largely influenced by the laser fluence and beam profile respectively. Hence,
it is understood that, various deformation crater profiles can be achieved using
FPLSF by controlling the laser processing parameters with the help of a flexible
pad. Fabrication of crater arrays on copper foils was demonstrated to examine
the reproducibility of FPLSF. In addition, deformation craters with smaller depth
and diameter were produced using a laser system with different laser processing
variables.
The different mechanisms involved in FPLSF, laser-target interaction, plasma
formation and expansion, shockwave formation and propagation, plastic deforma-
tion of metal foils and elastic deformation of flexible pad, were discussed briefly
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in this chapter. Also, some significant inferences derived from the experimental
results were discussed, which require further investigation for better process under-
standing.
The major advantages with FPLSF technique are determined to be the improve-
ment in process flexibility, reduction in process cycle time, elimination of expensive
micromold fabrication, and increased tribological properties due to the frictionless
forming.
An efficient process controllability and predictability mandate an extensive pro-
cess knowledge, characterized by the understanding of various process variables and
the process mechanisms involved in the process. As a first step, a detailed para-
metric study to understand the influence of different process variables including
substrate material, laser fluence, number of pulses, and the material and thick-
ness of ablative overlay, confinement layer, and flexible pad, was conducted in this
chapter.
The succeeding portions of this thesis are dedicated in studying the underlying
process mechanisms.
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Chapter 4
Investigation of Laser-Induced
Plasma in FPLSF
The principal mechanism behind the induced shock pressure is the formation and
propagation of plasma upon laser irradiation. Laser-induced plasma significantly
influences the magnitude and the duration of shockwaves and hence plastic defor-
mation of metal foil.
As observed from Chapter 3, the comparison of formed crater shapes between
water and glass confinements in FPLSF revealed a significant difference in shapes at
higher laser fluences. Hemispherical craters were formed on copper foil with water
confinement, whereas shockwave ripples were formed with glass confinement. This
behavior was attributed to the difference in plasma and shockwave propagation
between different confinement layers. However, further analysis of plasma charac-
teristics is required to understand the effect of confinement layer on deformation
crater shapes.
Furthermore, the effect of confinement layer thickness on plastic deformation of
metal foil is found to be influenced by the plasma characteristics, as discussed in
section 3.10.4.2. The dependency of plasma confinement on the confinement thick-
ness and shockwave velocity has also been established in the literature [172, 173].
However, in spite of the efforts to understand the influence of confinement layer
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thickness, the above-mentioned research works analyzed the effect using numerical
analysis of plasma dynamics. The effect of confinement thickness on the plasma
behavior has been rarely examined using experimentation.
Therefore, in order to understand the process mechanisms involved in FPLSF, it
is necessary to study the formation and expansion of plasma with respect to differ-
ent process parameters such as laser fluence, confinement medium, and confinement
layer thickness.
In this chapter, the time evolution of plasma was studied using a high-speed
camera as detailed in section 4.1. The plasma evolution was characterized by mea-
suring the plasma size using the plasma images acquired by a high speed camera.
A correlation between the plasma size and the depth and diameter of the craters
formed by FPLSF has been performed to study the effect of laser-induced plasma
on the plastic deformation of metal foils. The influence of different process param-
eters such as laser fluence, number of laser pulses, confinement layer medium and
its thickness on the plasma propagation has been analyzed in detail.
4.1 Plasma visualization using high speed cam-
era
Photron FASTCAM SA5 high-speed camera has been used to capture the formed
plasma in this study. The camera has a maximum exposure time of 1 µs and a
wide range of frame rates [from 50 to 150000 fps (frames/sec)], out of which 5000
fps was used mainly in order to capture the full plasma image as observed in 4.1b.
The plasma images were captured at the maximum frame rate (150000 fps) of the
camera as well to understand the evolution of plasma. The camera was positioned
at an angle of β (35°) to the path of the laser beam as illustrated in 4.1a. The
entire evolution of laser-induced plasma from its formation to the disappearance
was recorded for the analysis.
The shape and size of the plasma change with the observation angle (β) of the
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Figure 4.1: Measurement method for the plasma diameter (a) Orientation of camera
with the laser beam (b) Image of plasma acquired by high speed camera
camera. Therefore, in this analysis, change factor of plasma size was used instead
of the absolute plasma sizes. The plasma images were acquired at regular time
intervals (200 µs) by the high speed camera from which the plasma diameter and
its change factor were estimated. The plasma was seen as a bright spot in the
acquired image as shown in 4.1b. The area of actual illumination (A = piab) was
calculated from the minor and major axes lengths as the plasma shape is observed
to be approximately elliptical. As the camera line of axis is 35° (β) inclined to
the laser beam axis, the actual illumination area (A) has to be projected to a
plane perpendicular to the camera axis to calculate the projected illumination area
(Ap = Acosβ). From Ap, the projected illumination diameter (D =
√
(4 ∗ Ap/pi))
was calculated, assuming that the projected shape of the plasma is circular. From
this projected diameter (D), the plasma diameter (DP ) was calculated by making
a comparison with the initial projected diameter (D0) corresponding to the laser
beam spot size of 0.6 mm (DP = 0.6 ∗ D/D0). The change in plasma size at
different time periods with respect to initial plasma size was characterized by the
change factor (D/D0).
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4.2 Evolution of laser-induced plasma
The plasma evolution typically comprises the following processes in sequence:
plasma formation, expansion, decay, and disappearance. The evolution of plasma
for single laser pulse irradiation of 7.3 J/cm2 laser fluences was analyzed using
the plasma images acquired at the frame rate of 150000 fps. Water with 4 mm
thickness was used as the confinement layer.
Figure 4.2: Evolution of plasma for single pulse irradiation at 7.3 J/cm2 laser
fluence (Camera frame rate = 150000 fps)
Fig. 4.2 shows the sequence of plasma images with respect to time. The time
difference between two successive frames has been 6.67 µs at the camera frame rate
of 150000 fps. It can be observed that the plasma was visible at 6.67 µs whereas
it disappeared at 13.3 µs. Since there is a possibility of plasma formation instantly
after the firing of laser pulse and the plasma disappearance anytime before 13.3
µs, the plasma lifetime, starting from plasma formation, expansion, decaying to
vanishing for single pulse irradiation is approximated to be less than 13.3 µs.
In comparison with the literature, Tanski et al.[130] observed a total plasma
lifetime of 80 ns, which was slightly more than the laser pulse duration of 55 ns
during UV laser irradiation of stainless steel. In their experiment, the plasma
expanded until 22 ns (after the laser peak position) and then the plasma started
decaying. However, in an experiment by Barthelemy et al. [116], for a 10 ns
pulse width using XeCl excimer laser pulse irradiation on aluminum target, the
plasma lifetime lasted longer than 500 ns, i.e. 50 times the pulse duration. In that
case, significant plasma expansion occurred during the first 10 ns to 100 ns, after
which the plasma decayed [116]. In our experiments, the exact plasma lifetime
and plasma evolution phases starting from plasma formation, expansion, decay to
vanishing upon a laser pulse have been difficult to observe due to the larger time
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interval of 6.67 µs between two frames as compared to the laser pulse duration
of 38 ns. Typically, high speed camera is used for the qualitative characterization
of plasma dynamics. Since this study dedicates more emphasis on the extent of
plasma propagation to understand the correlation between the plasma expansion
and the metal foil deformation, this characterization technique is applicable for the
subsequent analyses.
Figure 4.3: Evolution of plasma for 45 pulses laser irradiation at 7.3 J/cm2 laser
fluence (a) Sequence of plasma images captured at regular time intervals by high
speed camera (b) Change factor of plasma diameter with respect to time (c) Voltage
amplitude of laser pulses measured using photodetector
The analysis of plasma evolution for 45 pulses laser irradiation at a frequency of
6 KHz with 7.3 J/cm2 laser fluence is shown in Fig. 4.3. In this analysis, 45 pulses
were applied through 5 cycles with 9 pulses in each cycle. It can be witnessed
from Fig. 4.3c which illustrates the time profile of laser pulses measured by a
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photodetector. Fig. 4.3a shows the sequence of plasma images taken at regular
time intervals by high speed camera with a frame rate of 5000 fps. The change
in plasma size with time is illustrated in Fig. 4.3b. It is revealed from the plasma
images that, in each cycle, the plasma was smaller at the first pulse, then increased
gradually and reached the maximum size during the fifth or sixth laser pulse.
After attaining the maximum, the plasma decreased in size during the subsequent
pulses. In continuous irradiation of 45 pulses with the frequency of 6000 Hz, the
plasma lifetime for one laser pulse of 13.3 µs was 12.5 times shorter than the pulse
repetition time of 166.67 µs. Thus, there was no interference of plasma evolution
from subsequent laser pulses as the plasma formed with each pulse completely
vanished before the next laser pulse. The increased plasma expansion along with
the number of pulses can be related to the increment in absorption of laser beam
by the previously ablated rougher surface.
The plasma behavior was similar when direct irradiation conditions were used,
as shown in Fig. 4.4. Thus, it is evident from Fig. 4.4 that plasma remained only at
the aluminum foil surface. As no confinement layer existed, the plasma expanded
freely in the axial direction, which had been ionized during the subsequent pulses.
This tendency can be seen from Fig. 4.4 at 0.8 ms where the plasma spread further
axially to the regions away from the irradiated surface. The axial displacement is
observed to increase at subsequent pulses. However, there was no occurrence of
plasma shielding, where the active plasma region will be detached from the target
surface completely. Breakdown of air molecules is found to occur during the later
pulses due to the increased presence of ejected particles, which can be witnessed
at Fig. 4.4 after 7 ms. The aforementioned behaviors were not experienced with
water confinement as plasma expansion is confined along the surface and the ejected
particles are diluted by the water confinement.
It is evident from Fig. 4.3 that the plasma propagation occurred along the
irradiated surface of the aluminum foil. It is also observed that the radial propaga-
tion of plasma along the surface was approximately circular even though the laser
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Figure 4.4: Plasma evolution at 7.3 J/cm2 laser fluence with no confinement layer
at the frame rate of 5000 fps
beam was square-shaped. This behavior is consistent with the literature in which
the shape of the laser-irradiated plasma plume and the shockwave were observed
to be hemi-spherical while expanding both in ambient air [116, 130] and in water
[126]. The propagation of plasma in the axial direction has been restricted by water
confinement in one direction and metal foil in the other direction.
This study further analyzes the correlation between the plasma expansion and
the plastic deformation of metal foils.
4.3 Effect of laser fluence on plasma behavior
Fig. 4.5 compares the plasma evolution for single pulse irradiation at two laser
fluences, 7.3 J/cm2 and 20.9 J/cm2. Water with 4 mm thickness was used as the
confinement layer. It can be observed that the lifetime of plasma for single laser
pulse (lesser than 13.3 µs) remained the same irrespective of the laser fluence.
However, the effect of fluence can be noticed when the experiment were conducted
at 45 pulses. Fig. 4.6 compares the plasma image at different laser fluences for
the time duration of 9.4 ms. It can be identified from Fig. 4.6 that the plasma
behavior varied significantly at 20.9 J/cm2 fluence. At lower fluences (7.3 J/cm2
and 13.6 J/cm2), radial plasma propagation occurred along the interface between
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the water and aluminum foil. Whereas, at higher fluence (20.9 J/cm2), the plasma
was seen both at the water-air interface and the water-aluminum foil interface.
This observation confirms the occurrence of dielectric breakdown at the water-air
interface at higher intensities [125]. The dielectric breakdown phenomenon occurs
due to one or more of the following mechanisms: cascade ionization, multiphoton
ionization, and the surface impurities [108, 152].
Figure 4.5: Comparison of plasma evolution at different laser fluence (a) 7.3 J/cm2
(b) 20.9 J/cm2
Figure 4.6: Effect of laser fluence on the evolution of laser-induced plasma at 9.4
ms
Fig. 4.7 compares the change in plasma diameter with time at different laser
fluences. It is obvious that the plasma diameter increased with the increase in
laser fluence. As the fluence increased, the vaporization area and depth of the
aluminum foil increased (Fig. 3.25), leading to the increase in plasma diameter.
The correlation between the change factors of crater size and plasma size with
increase in laser fluence is illustrated in Fig. 4.8. The peak laser-induced shock
pressure was calculated using Fabbro’s model (Eqn. 2.8) and plotted in Fig. 4.8b.
When the laser fluence was increased by the order of 2.86 times from 7.3 J/cm2
to 20.9 J/cm2, the maximum plasma diameter increased accordingly by the order
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Figure 4.7: Change factor of plasma diameter with respect to time at different laser
fluences
of 2.18 times (Fig. 4.8b). Consecutively, it is observed that the change factor of
maximum shock pressure (1.69 times) was smaller than that of plasma diameter.
The change factor of crater depth was calculated to be 1.47 times, which correlates
well with that of maximum shock pressure. Interestingly, it can be noted from
Fig. 4.8 that the change factor has been descending in the order of laser fluence
(2.86), maximum plasma diameter (2.18), maximum shock pressure (1.69), and
crater depth (1.47). With increase in laser fluence, the shock pressure, i.e. the
forming load, increased, resulting in increased plastic deformation of foils and thus
deeper craters. Meanwhile, the crater diameter increased only by a small amount
in the order of 1.13 times (Fig. 4.8b) as the crater diameter is influenced mainly
by the laser beam size which has been constant throughout the analysis.
It can be observed from Fig. 4.8b that both the plasma diameter and pressure
increased simultaneously with increase in laser fluence. It is interesting to observe
that, even though the plasma propagated to a larger distance of about 7 mm,
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Figure 4.8: Comparison of change factor of crater size with the change factor of
maximum plasma diameter and theoretical shock pressure at different laser fluences
the crater diameter (1 mm) was not increased significantly. As the distance from
the center of irradiation increases, the plasma density is reduced correspondingly.
Therefore, at foil positions distant from the irradiation spot, the plasma density was
less and hence the resultant shock pressure was insufficient to induce the plastic
deformation. It is revealed from the analysis that the expansion of plasma is
associated with the increase in plasma density while the laser fluence is increased.
The measured plasma diameter at 20.9 J/cm2 could be slightly larger than the
actual diameter. This could be due to the scattering of light by the shockwave
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propagating at the top surface (as seen in Fig. 4.6).
4.4 Effect of confinement medium on plasma be-
havior
The influence of confinement layer materials such as fused silica glass and deionized
water on the plasma evolution has been analyzed at laser irradiation of 45 pulses.
The major difference observed between the glass and water confinement mediums
is the occurrence of dielectric breakdown phenomenon at higher laser fluence. Fig.
4.9 compares the images of plasma at 20.9 J/cm2 laser fluence with water and
glass confinement layers. Plasma observation at the water top surface in Fig. 4.9a
indicates that the dielectric breakdown of water occurred at the interface between
the air and water top surface. Whereas, with the glass confinement, dielectric
breakdown occurred at the interface between the bottom surface of glass and the
ablative overlay as shown in Fig. 4.9b. The damage of glass can be attributed to
the reflectivity of the target and the collision of metal plasma with the rear surface
of the glass [19].
Figure 4.9: Comparison of dielectric breakdown mechanism between water and
glass confinements at 20.9 J/cm2 laser fluence (a) Water confinement (b) Glass
confinement
The correlation between the change factor of crater size and the change factor of
maximum plasma diameter for water and glass confinements is illustrated in Fig.
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4.10. For 2.86 times increase in laser fluence, the plasma diameter increased by
the order of 3.28 times in glass whereas it increased only by 2.18 times in water
as shown in Fig. 4.10b. Correspondingly, the change factor of crater depth was
higher in glass (2.57 times) than in water (1.47 times) as shown in Fig. 4.10a. The
increase in crater diameter too was higher with glass (1.44 times) than with water
(1.13 times). Furthermore, the actual crater depth and diameter were higher with
glass at higher laser fluences. This larger crater size in glass was observed to be
mainly influenced by the propagation characteristics of plasma. It can be inferred
from the results that the expansion of plasma is more restrictive in glass, causing
smaller plasma diameter. Thus, plasma was confined to a narrow region resulting in
higher density of plasma in glass. The denser plasma caused higher shock pressure
(forming load) and hence deeper craters were produced with glass confinement.
Meanwhile, as the plasma expansion proceeded to a larger distance in water, the
plasma density and pressure were reduced. The diameter of plasma during the
first pulse was approximately constant between water and glass confinements. The
maximum plasma diameter occurred at the time period ranging between 7 ms to
10.6 ms.
During the parametric study of confinement layer medium in section 3.10.4.1,
shockwave structures were noticed on copper foil with glass as the confinement
layer. This effect was attributed to the plasma and shock wave propagation behav-
iors. One of the hypotheses has been the shockwave propagation from irradiated
surface, which is explained as follows:
• The shockwave begins its propagation towards the metal foil from the irradi-
ated surface both axially and radially. Since the copper foil itself is ablated
with the glass confinement (as illustrated in Fig. 3.17c), the shockwave struc-
tures could have formed on copper surface. This hypothesis was verified for
possible shockwave structures as loading is started from the partial irradi-
ated top surface. Fig. 4.11 shows the aluminum and copper foil surfaces
with water as the confinement for the partial vaporization condition (laser
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Figure 4.10: Comparison of the change factor of crater size and the change factor
of maximum plasma diameter between water and glass confinement layers
fluence of 13.6 J/cm2). Contrary to the claim, there was no shockwave struc-
tures on aluminum foil as witnessed from Fig. 4.11a. Thus, the formation of
shockwave ripples could be a characteristic of glass confinement. To verify
this claim further, shockwave propagation behavior between water and glass
confinement layers for aluminum and copper foils are compared, as shown
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in Fig. 4.12. It can be observed from Fig. 4.12b that entire thickness of
the aluminum foil overlay was vaporized. Despite this complete vaporization,
shockwave pattern was formed on aluminum foil in addition to that on cop-
per foil. The similar behavior was not observed with water confinement (Fig.
4.12a) despite the complete vaporization of aluminum foil over its thickness.
Thus, it is clear that the shockwave patterns on metal foil is resulted entirely
by glass confinement.
Formation of shockwave ripples with glass confinement is attributed to one or two
of the following behaviors:
1. Upon irradiation, two shockwaves propagate axially in both directions (to-
wards metal foil and confinement layer) extending the plasma interface [160].
In case of water confinement, water is receptive to the shockwave and the
propagation of shockwaves is experienced, as seen in Fig. 4.6. Meanwhile, as
the glass remains stationary, the shockwaves are reflected back towards the
metal foil resulting in a complex interaction between the shockwaves.
2. In addition, an significant difference in confinement is predicted between wa-
ter and glass confinements.
• Water : Once a portion of the material is vaporized from the ablative
overlay upon the irradiation, the water flows into the displaced volume.
Therefore, the formed plasma is always confined by water causing the
plasma to propagate along the irradiated surface.
• Glass: In case of glass confinement, the confinement is cut off from the
irradiated area during the first instance of overlay vaporization. During
the subsequent pulses, there will be no close confinement for the expand-
ing plasma in the axial direction. The formed plasma is constricted by
the ablative overlay drilled inner walls. This difference in plasma ex-
pansion with glass confinement could significantly affect the shockwave
propagation and subsequent plastic deformation.
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Figure 4.11: Shockwave propagation analysis at 13.6 J/cm2 laser fluence with water
confinement (a) Aluminum foil overlay (b) Copper foil
Figure 4.12: Comparison of shockwave propagation in aluminum foil overlay (top)
and copper foil (bottom) in FPLSF between water and glass confinement layers at
20.9 J/cm2 laser fluence (a) Water confinement (b) Glass confinement
The larger actual size and change factor of craters in glass confinement were
attributed to higher transmittance, complete vaporization of aluminum foil over-
lay, shockwave propagation and vaporization in copper foil, and increased material
velocity due to the reduced foil thickness with the glass confinement. The par-
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tial vaporization with water confinement and subsequent shockwave attenuation
further increased the difference. In addition to the above mentioned factors, the
plasma analysis revealed that the dielectric breakdown behavior with water con-
finement, which will reduce the induced shock pressure causing further reduction
in deformation sizes.
The difference between water and glass confinement as discussed above is com-
pared in Table. 4.1.
Table 4.1: Difference in plasma behavior between water and glass confinements
Water Confinement Glass Confinement
Larger plasma diameter. Smaller plasma diameter.
No shockwave formation on copper
foil.
Shockwave formation on copper foil
at high laser fluences.
Plasma diameter is larger than the
crater diameter.
Plasma diameter is smaller than the
crater diameter, mainly due to the
propagation of shockwaves in metal
foils.
Breakdown of water at water-air
interface at 20.9 J/cm2.
No breakdown at glass-air interface
at 20.9 J/cm2.
4.5 Effect of confinement thickness on plasma be-
havior
The effect of confinement layer (water) thickness on the plasma propagation was
analyzed at different thickness of 4 mm, 6 mm, and 7 mm. Two laser fluence levels,
7.3 J/cm2 and 13.6 J/cm2 and 45 laser pulses were used for the experimentation.
A correlation between the change factors of crater size and plasma size for different
confinement thicknesses is shown in Fig. 4.13. With constant laser fluence, a
reduction in plasma diameter was observed when the confinement thickness was
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increased from 4 mm to 7 mm (Fig. 4.13b). This behavior can be attributed to
the absorption of laser energy within the confinement thickness.
It can be observed from Fig. 4.13a that both the crater depth and diameter
increased with the increase in confinement thickness from 4 mm to 8 mm at both
7.3 J/cm2 and 13.6 J/cm2 fluences, despite a discrepancy with the crater diame-
ter for 8 mm. As the laser energy experiences absorption within the confinement,
reduction in crater size was expected with increase in confinement thickness. As
mentioned earlier, Morales et al. [172] observed the influence of confinement thick-
ness on plasma pressure as the arrival of shockwave before the occurrence of laser
peak reduces the plasma pressure. For the confinement thickness (t) of 4 mm in
FPLSF, the time (τ) taken by the shockwave to reach the water-air interface is
calculated to be 2.4 µs considering the shock velocity (D) in water as 1650 ms−1.
As 2.4 µs is much longer than the pulse duration of 38 ns, this behavior could not
be the reason for lesser shock pressure and crater depth at smaller confinement
thickness. Ocana et al. [173] found numerically that the plasma pressure increases
with increase in confinement thickness. In this study, reduction in plasma diameter
was observed with the increase in confinement thickness (Fig. 4.13b). The corre-
lation between plasma diameter and plasma pressure with increase in confinement
thickness confirms that the reduction in plasma diameter increases the plasma den-
sity and pressure due to the confinement of plasma. Hence, the increase in crater
depth and diameter is attributed to the reduction in plasma diameter with increase
in confinement thickness.
4.6 Summary
This chapter studied the laser-induced plasma evolution in FPLSF using a high
speed camera. Also, the influence of plasma evolution on the plastic deformation
of metal foils is experimentally investigated. The plasma lifetime, starting from
plasma formation, expansion, decay to vanishing for single pulse irradiation was
found to be less than 13.3 µs irrespective of the confinement conditions. For 45
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Figure 4.13: Correlation between change factors of crater size and plasma size at
different confinement layer thicknesses
pulses irradiation as 5 cycles with 9 pulse train in each cycle (pulse duration - 38
ns, pulse frequency - 6 KHz), the plasma size increased gradually and attained
its maximum at the fifth or the sixth cycle. No interference between the plasma
evolution resulting from successive laser pulse irradiation were observed.
The laser fluence is found to have significant effect on the plasma evolution in
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water confinement. For laser irradiation of 45 pulses, when the laser fluence was
increased by 2.86 times, the change factors of maximum plasma diameter (2.18),
maximum shock pressure (1.69), and crater depth (1.47) increased in the same
order. It is understood from the results that the increase in laser fluence increased
both the plasma size and plasma density.
A significant difference in plasma evolution characteristics was observed between
water and glass confinement layers. At higher laser fluence, dielectric breakdown
occurred at the water-air interface with water whereas it occurred at the glass-
ablative layer interface with glass. The confined plasma in glass increased the
plasma density and pressure resulting in deeper craters. The confinement behavior
pertaining to water and glass varies considerably, resulting a change in plasma ex-
pansion and shockwave propagation characteristics. Accordingly, the deformation
features on metal foils are affected such that the shockwave patterns were formed
on the copper foil with glass confinement.
When the water confinement thickness was increased, increase in crater size was
observed in spite of the laser energy absorption within the confinement. Though
this behavior was attributed to the corresponding reduction in plasma size, a de-
tailed analysis of plasma pressure will be required to understand the correlation
between plasma evolution and confinement layer thickness.
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Chapter 5
Plastic Deformation Analysis
This chapter studies the high strain rate plastic deformation characteristics of metal
foils in FPLSF. The deformation behavior of metals at strain rates greater than
104s−1 was discussed in chapter 2 associated with the processes including elec-
tromagnetic forming, explosive forming, and laser shock processes, where the high
strain rate mechanisms are effective. The inference of results from other high strain
rate processes on FPLSF, where the metal foils are deformed plastically at high
strain rates under the laser shock loading, could be intricate due to the following
observations:
(a) FPLSF uses hyperelastic flexible pad as support, which undergoes large elas-
tic deformation along with the foil deformation. As evidenced from Chapter
5, the mechanical properties of the flexible pad influences the plastic defor-
mation of metal foils significantly as the pad restricts the foil deformation,
inducing compressive stresses on the bottom surface of the foil. These stress
states are expected to affect the microstructures and mechanical properties
of the deformed surfaces.
(b) In most of the high strain rate processes, severe compression of deforming met-
als occurs because of the process configurations. Meanwhile, the compression
of the metal in the thickness direction is uncertain due to the existence of
flexible pad in FPLSF.
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(c) In high strain rate processes with mold patterns, the inertia effects play a signif-
icant role in improving the formability of the material. When the deforming
material reaches the mold bottom, an additional compression through thick-
ness is experienced due to the inertia. In case of FPLSF, the forming velocity
of the foil is restricted by the flexible pad. Therefore, although FPLSF has
similar loading rate, the improvement in material formability due to the in-
ertia effects is questionable in FPLSF.
(d) At the end of laser shock loading in FPLSF, the flexible pad releases its elastic
energy and retains its original position. The elastic recovery of rubber is
found to influence the plastic deformation of foil by causing the displacement
of the deformed foil upwards, as observed from the finite element analysis
(as discussed in Chapter 6). The influence of high strain rate on the elastic
release of the flexible pad may affect the deformed foils.
Therefore, it is essential to analyze the plastic deformation mechanisms involved
in FPLSF in order to understand and predict the process behaviors.
In this chapter, the thickness distribution of the deformed foil along its cross
section at different positions is analyzed initially. Then, the hardness at the crater
cross-section and the top and bottom crater surfaces are measured and analyzed.
A correlation between thinning and hardness behaviors was performed as well. The
comparison of microstructure on copper foil before and after FPLSF is investigated
by Electron BackScatter Diffraction (EBSD) technique. Quantitative characteriza-
tion of the deformed microstructure at top and bottom crater surfaces after forming
is analyzed using parameters such as grain size distribution, aspect ratio, and mis-
orientation angle distribution. In addition, the microstructures at center and edge
regions of the deformation crater are compared. The effect of laser fluence on the
crater microstructure after FPLSF is also investigated. Finally, the evolution of
textures in copper foils as a result of FPLSF is discussed. Following experimen-
tal conditions were used throughout this chapter: copper foil thickness - 25 µm;
confinement - water (4 mm); ablative overlay - aluminum (15 µm); flexible pad -
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silicone rubber (0.9 mm); Nd:YAG laser (wavelength -1064 nm, pulse duration - 38
ns, number of laser pulses - 45, pulse repetition rate - 6 KHz) .
5.1 Thinning
Thinning (%), a ratio at which thickness of the metal foil is reduced after forming,
has been one of the major parameters to understand the process formability. To
analyze the thickness distribution of deformed foils, the craters were cross-sectioned
at 2 mm offset from the center of crater. The cut samples were first cold-mounted
using Struers® Epofix resin and then manually polished up to the crater center
sequentially using different grades of abrasives. For cutting, mounting, and polish-
ing of samples, ASTM E3 standard [192] and preparation procedures suggested by
Struers® [193] were adopted.
The thickness of the crater cross-section was measured at the center using an
optical microscope. Thinning percentage of the metal is measured from Eqn. 5.1 ,
Thinning(%) = t0 − ti
t0
∗ 100 (5.1)
where t0 and ti are the foil thicknesses before and after forming respectively.
The thickness was measured at different positions at the foil cross-section as shown
in Fig. 5.1. The initial thickness of the copper foil (t0) was measured as 31.8 µm
with a standard deviation of 1.28 µm.
Figure 5.1: Thickness measurement positions along the crater cross-section
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Fig. 5.2 illustrates the foil thinning with respect to laser fluence. Thinning of
deformed foils is observed to vary from 7% to 25% after FPLSF for the laser flu-
ence ranging between 7.3 J/cm2 and 20.9 J/cm2. It is evident that the maximum
thinning of the deformation crater occurred at its center (location 3) and reduced
gradually further away from the center. During plastic deformation of metal foils,
the reduction in thickness occurs due to the combination of compressive strain in
the axial direction and tensile strain in the radial/transverse directions. When the
flexible pad is deformed during the shockwave loading, it induces axial compres-
sive stress in the thickness direction of the foil. During FPLSF, the magnitude of
axial and transverse strains at the crater center are larger than the corresponding
strains at other foil positions, which is witnessed from the finite element analysis
as discussed in chapter 6. The maximum thinning observed at the crater center
is attributed to the above mentioned stress-strain behavior. The increase in thin-
ning along with the laser fluence is a result of the corresponding increase in shock
pressure and amount of plastic deformation.
Thinning at other foil locations 1, 2, 4, and 5 is mainly due to the tensile
stresses in the transverse directions. It is observed from Fig. 5.1 that the edge
portions (location 1 and 5) experienced minimum reduction in thickness. This
behavior is contrary to the processes employing molds and punches, where thinning
is maximum at the feature edges due to the restriction of material flow. In FPLSF,
the material flow is not restricted at the edges as the flexible pad behind the edges
assists the material flow by undergoing elastic deformation.
Another significant advantage with FPLSF is the increase in uniformity of thick-
ness distribution. For all the laser fluences except 7.3 J/cm2, the variation in
thinning across different crater locations ranged between 6% and 8% which is less
than the thinning variation of around 20% for the processes involving molds/dies
[91, 194]. The minimum thickness variation was observed at 20.9 J/cm2, which
can be identified from the crater cross-section at different laser fluences at Fig. 5.3.
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Figure 5.2: Effect of laser fluence on foil thinning at different positions along crater
cross-section
Figure 5.3: Crater cross-sections on copper foil with respect to laser fluence
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The thinning behavior of metal foils during deformation in FPLSF with more uni-
form thickness distribution than other high strain rate processes can be associated
with the flexible pad arrangement that provides a controlled deformation velocity
of the metal foils.
5.2 Hardness
In this analysis, the hardness was measured at the cross-section and the surfaces
to examine the effect of plastic deformation in FPLSF.
5.2.1 Cross-sectional hardness
The hardness of the sample at the different locations in the cross-section (see Fig.
5.1) was measured by Nanoindenter XP (maximum indentation depth of 1000 µm
with 0.01 nm resolution and maximum 500 mN load with 50 nN resolution) using
a Berkovich diamond indenter. Continuous Stiffness Measurement (CSM) method
has been used to calculate the hardness and elastic modulus where the contact
stiffness is measured continuously during the loading [195]. Indentation load was
continuously recorded during the loading and unloading cycle of indentation. The
hardness (H) is measured as a ratio of applied load (P ) to the projected contact
area (A) at that load, as H = P/A , where the projected contact area is calculated
as a function of contact depth (hc) which is a factor of penetration depth (h),
load (P ), stiffness (S = dP/dh), and a constant based on indenter geometry (ε) as
follows, hc = h − (εP/S). In this analysis, the load-displacement curve has been
used to analyze the material behavior. As the indenter is a displacement controlled
system, the maximum penetration depth was given as 1000 nm for this experiment.
Typical indentation on the sample cross-section is shown in Fig. 5.4.
The sample preparation involves procedures similar to that of thinning charac-
terization, but an additional fine polishing using silica suspended particles of size
less than 1 µm was performed to produce a fine finish ideal for nanoindentation.
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The load-displacement curves are compared between different process conditions
and at different foil positions. Fig. 5.5 shows the P − h curves pertaining to the
indentation of deformation crater at different foil locations (Fig. 5.1) for the laser
fluence of 13.6 J/cm2. It can be observed from the crater profiles and thickness
distribution that the deformation has been almost symmetric across the crater
center. Thus, only one of the foil locations corresponding to the center (position
3), periphery (position 2 or 4), and edge (position 1 or 5) of the crater is subjected
to the analysis.
Figure 5.4: Nanoindentation on copper foil cross-section for maximum indentation
depth of 1000 nm
It is obvious from Fig. 5.5 that the hardness of the material has increased
after FPLSF, as the indentation load on the crater was much higher that on the
copper foil before FPLSF. The required load to achieve a similar displacement is
increased, indicating an improvement in hardening. The increase in slope of the
load-displacement curve highlights the increased flow stress caused as a result of
plastic deformation.
It can be identified from Fig. 5.5 that the hardening curve has been different
between different regions across the foil. The maximum hardness was observed at
the crater edges (location 5), followed by the crater center (location 3) and the
periphery (location 4) regions. However, the difference in stiffness between the foil
locations were observed to be smaller. This minor variation in hardness profiles
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Figure 5.5: Comparison of load - displacement relationship before and after FPLSF
at different foil positions for the laser fluence of 13.6 J/cm2
between different foil locations correlates with the corresponding thinning behavior
as seen in Fig. 5.2. The small variation in thickness distribution (less than 10%)
between different crater locations indicates an uniform plastic deformation, which
explains the observed hardness profile along the crater as well.
The observation of identical curves were more prominent when the fluence is 9.4
J/cm2 as shown in Fig. 5.6a. Similarly, for 20.9 J/cm2, though the hardness was
observed to be smaller at foil position 5, it is similar between foil locations 3 and
4 [Fig. 5.6b].
The effect of laser fluence on cross-sectional hardness at foil position 3 is illus-
trated in Fig. 5.7. It is evident that the hardness enhancement increased along
with the increase in laser fluence. The observed results are in correlation with the
thinning results as observed in Fig. 5.2. The identical increase in hardness with
fluence was also experienced at other crater regions; crater edges (location 5) and
crater periphery (location 4), as shown in Fig. 5.8. The increase in shock pressure
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Figure 5.6: Comparison of load - displacement relationship before and after FPLSF
at different foil positions for the laser fluence of (a) 9.4 J/cm2 (b) 20.9 J/cm2
and axial compression along with the laser fluence results in the increased plas-
tic deformation of foils. As the foils experienced compression along the thickness
(which is evidenced by the thinning analysis), the hardness at the cross-section is
improved. It should be emphasized that the improvement in hardness will occur
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Figure 5.7: Comparison of load - displacement relationship with change in laser
fluence at foil position 3
irrespective of the plastic deformation mechanism, strain hardening or adiabatic
softening, experienced during the process due to the microstructural changes, which
will be discussed further.
5.2.2 Surface hardness
In addition to the nanoindentation at the cross-section, hardness was also measured
at the surfaces of the deformed features Vickers microindenter. Vickers Hardness
(Kgf/mm2) is calculated as follows, HV = 1.8544F/d2 where F is the indentation
load and d is the average projected length of the diagonal by the indentation, where
d is determined manually using the in-built optical microscope. The indentation
load of 50 Kgf was used.
The indentation was applied at the center of the crater for both the top and
bottom surfaces as illustrated in Fig. 5.9. During the indentation of the top crater
surface, the bottom portion was rested on a rigid support and the adjacent regions
were firmly supported to avoid any deviation. Meanwhile, the indentation of the
bottom crater surface required the crater to be filled with resin hardener in order
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Figure 5.8: Comparison of load - displacement relationship with change in laser
fluence at (a) Foil position 4 (b) Foil position 5
to avoid bending of craters during indentation, as shown in Fig. 5.9. The samples
were mechanically polished before deformation, in order to eliminate the surface
roughness effect on the measured microhardness. The measured surface hardness
of the as received copper foil was 34.71 V H with a standard deviation of 2.56.
The hardness at the top and bottom surfaces of the deformation craters for
varying laser fluence is compared at Fig. 5.10. As illustrated in Fig. 5.9, hardness
was measured at the center. It is apparent that the hardness at both the surfaces
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Figure 5.9: Schematic of surface hardness measurement method
increased after FPLSF, as a result of plastic deformation of the foils. The increase
in hardness at the top surface after FPLSF ranged between 23% and 71% for the
fluence varying between 7.3 J/cm2 and 20.9 J/cm2, highlighting an increasing trend
along with the fluence. Meanwhile, the increase in hardness at the bottom surface
remained nearly constant (39% - 48%) with the increase in laser fluence. The top
crater surface was observed to be harder than the bottom crater surface except
for the lower laser fluences (7.3 J/cm2 and 9.4 J/cm2). A correlation between the
top surface hardness and the foil thinning behavior can also be observed from Fig.
5.10. Standard deviation of hardness varied between 1.52 to 3.1 for top surface
where it varied from 3.9 to 5.2 at bottom surface.
The increase in hardness at the crater surfaces can be attributed to one or more
of the following mechanisms:
(a) Strain hardening effect during plastic deformation, where the occurrence of
dislocation motion and subsequent tangling is experienced, restricting further
slip motion
(b) Adiabatic softening effect at high strain rates, due to which nucleation of new
dislocations and subgrain formation occurs. The grain refinement at high
strain rate leads to uniform and smaller grain sizes after forming leading to
the increase the hardness of the surface [89].
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(c) The compressive residual stresses induced at the top and bottom surfaces under
shock loading which causes an increase of hardness in both top and bottom
surfaces of the formed craters [83, 89].
Figure 5.10: Correlation between surface hardness and thinning
In FPLSF, the process configuration could be a decisive factor in the plastic
deformation and the subsequent mechanical properties of the deformed feature.
Upon shockloading, the foil top surface experiences compression by the propagating
shockwaves while the bottom foil surface experiences movement restriction from
the flexible pad which undergoes concurrent elastic deformation. As a result, the
amount of plastic deformation and the underlying mechanism could be varying
between top and bottom crater surfaces, resulting in dissimilar microstructure and
surface hardness profiles. The possible deformation mechanism in FPLSF is studied
further using with microstructure analysis.
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5.3 Microstructure analysis
5.3.1 Electron backscatter diffraction
Electron backscatter diffraction (EBSD) technique is a SEM based method to quan-
titatively characterize the crystal lattice orientation, texture, phase information,
grain boundary characteristics, and microstructure [196–198]. A schematic of the
pattern acquisition using EBSD is illustrated in Fig. 5.11 [199]. The working prin-
ciple of EBSD system is briefed as follows [197]: The sample, which is polished
precisely, is tilted to the incident electron beam. Typically, the beam penetrates to
a narrow distance of 5 - 50 nm from the surface. When an electron beam is inci-
dent on the tilted crystalline specimen, the electrons are diffracted from the crystal
planes which form a large cone as seen from Fig. 5.11. Diffraction of patterns are
formed with the intersection of the cone with a phosphor screen, which is placed
in the vicinity. Diffraction patterns consist of a set of Kikuchi bands, which are
characteristic of the sample crystal structure and orientation. The identification of
the bands is achieved automatically using Hough transformation from which the
crystal orientation at each measurement point in the sample is identified.
Figure 5.11: Schematic of electron backscatter diffraction pattern acquisition [199]
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In this analysis, an EBSD system (Oxford Instruments HKL) attached to JEOL
7600F field emission SEM (FE-SEM) system was used. Channel 5 acquisition
package was used to collect and analyze the EBSD data. The tilt angle and working
distance of the sample were 70º and 24 mm respectively. The required area on RD-
TD plane (along the crater surface) of the sample was scanned at a step size ranging
between 0.5 µm and 1 µm using the beam scanning mode.
The boundaries of the crystal grains are defined using misorientation angle,
which is the difference in orientation between grains, through rotating the coor-
dinate system of crystals into coincidence. Typically, the misorientation angle for
the grain boundary (high-angle boundary) is found to be greater than 10º, whereas
the subgrain boundary (low-angle grain boundary) is lesser than 2º [89, 198, 199].
In this analysis, misorientation angle of 10° and 2° were used to define the grain
and subgrain boundaries, respectively. Inverse Pole Figure (IPF) maps help to
identify the grains and their orientation by interpreting the crystallographic ori-
entations with the sample coordinate system. Band contrast map highlights the
degree of plastic deformation the grain experiences, with low contrast (darker re-
gion) indicating larger deformation and high contrast (bright region) indicating
no deformation. The following quantitative parameters, grain size distribution,
aspect ratio, and misorientation angle distribution are characterized from the anal-
ysis. Grain size is calculated using the mean line intercept method (ASTM E112
standard).
Prior to the analysis, a critical sample preparation procedure is required as the
diffraction patterns are acquired from few nm deep at the surface. In addition to
the mechanical polishing in sequence from coarse abrasives to the colloidal silica as
described earlier, electropolishing of the samples was performed. Electropolishing
removes the surface irregularities and the deformation layers. The following pa-
rameters were used for the electropolishing of copper foils: electrolyte - D2 (Struers
A/S), area - 0.5 cm2, voltage - 15V , time - 10 to 20 sec.
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5.3.2 Deformation mechanisms in FPLSF
The changes in microstructure of copper foils after forming are studied by compar-
ing the inverse pole figures and band contrast maps of a plain copper foil surface
with the top and bottom surfaces of the formed craters. The microstructure of the
copper foil surface before and after FPLSF is shown in Fig. 5.12 and Fig. 5.13.
Fig. 5.12 shows that significant grain elongation occurred after FPLSF as a
result of plastic deformation. Elongation of grains were experienced both at the
top and bottom surfaces of the crater. Also, a significant increase in subgrain
boundaries, which are represented as thin lines in 5.12c, was observed after forming.
Nucleation of strain-free fine grains during forming is also evident from Fig. 5.12.
Subsequently, an increase in high dislocation density regions was experienced after
forming. This behavior is evident from the band contrast maps of the copper foil
before and after FPLSF as shown in Fig. 5.13, where the darker regions represent
the increase in the degree of plastic deformation.
The quantitative characterization of microstructure using grain diameter, aspect
ratio, and misorientation angle is compared for copper foils before and after FPLSF
in Figs. 5.14 and 5.15. It can be observed from Fig. 5.14a that the fraction of
grains with diameter smaller than 1 µm increased after FPLSF, indicating the
nucleation of new grains during plastic deformation. An increase in number of
grains with aspect ratio less than 1.5 was observed after forming as seen from
Fig. 5.14b, suggesting an increase in uniformity of grains. Typically, uniformity
in grain size is achieved by grain refinement through recrystallization, recovery, or
grain breakdown. Meanwhile, it is clear from Fig. 5.12 that the grain elongation
has been predominant in FPLSF. Thus, the increase in uniformity (reduction in
aspect ratio) could have resulted from the nucleation of new grains during the
forming process.
Fig. 5.15 compares the misorientation angle distribution of copper before and
after FPLSF. The fraction of low angle grain boundaries (misorientation angle <
2.5º) is found to increase from 5 % at plain foils to 21 % after forming. As the
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Figure 5.12: Comparison of microstructure of copper foil before and after FPLSF
at 13.6 J/cm2 fluence by inverse pole figure map (a) Copper foil surface before
FPSLF (b) Top surface of the formed crater (c) Bottom surface of the formed
crater
154
Figure 5.13: Comparison of microstructure of the copper foil before and after
FPLSF at 13.6 J/cm2 fluence by band contrast map (a) copper foil surface before
FPSLF, (b) top surface of the formed crater, (c) bottom surface of the formed
crater
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Figure 5.14: Comparison of grain size distribution of the copper foil surface before
FPLSF with the top and bottom surfaces of the craters formed by FPLSF (a) grain
diameter, (b) aspect ratio
smaller misorientation angle (<2º) indicates the presence of subgrains and newly
nucleated grains, the increase in substructures in the foil after FPLSF is evident.
This observation also substantiates the reduction in grain size behavior observed
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Figure 5.15: Comparison of misorientation angle distribution of the copper foil
surface before FPLSF with the top and bottom surfaces of the craters formed by
FPLSF
in Fig. 5.14a. Though the fraction of high angle grain boundaries was reduced
after forming, an increase in high dislocation density regions is apparent from Figs.
5.13b and 5.13c. During the plastic deformation of copper foils with FPLSF, a
significant increase in subgrain formation and dislocation density was experienced.
It is interesting to note that, although the loading conditions are similar between
FPLSF and other high strain rate processes, the plastic deformation behavior as
well as the microstructural changes are observed to be significantly different. An-
drade et al. [136] observed the predominant subgrain formation in copper after
shock loading. Similar subgrain structures were found by Cheng et al. [89] during
laser dynamic forming of copper. The average size of the grains was approximately
0.1 to 0.5 µm after shock loading of copper [89, 136]. In case of FPLSF of copper,
despite the subgrain formation, the average grain size was found to be greater than
1 µm. There was no refinement of grains during FPLSF as in other high strain
rate processes. This difference in microstructure modification can be attributed
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to the combination of several factors. Typically, the plastic deformation mecha-
nism is influenced by a complex interaction between strain levels, strain rate, and
applied pressure. The difference in mechanisms between FPLSF and other laser
shock forming processes is attributed to the following behavior:
1. FPLSF configuration is considered as one of the major causes of the difference
in process mechanisms. In other high strain rate processes, the deforming
material is either bulk, as in laser shock peening, or sheets flowing into a die,
as in explosive forming or laser dynamic forming. In both cases, there will
be severe compression of the metal along the thickness direction due to the
harder metal support or die resisting the displacement of the substrate. In
FPLSF, the displacement is constrained by the flexible pad that absorbs the
energy and undergoes larger elastic deformation, while allowing the metal
foil deformation simultaneously. The deformation velocity is controlled in
FPLSF using a flexible pad whereas large deformation velocity is experienced
in processes using dies.
2. Large plastic strains (ε > 4) are required for the occurrence of dynamic
recrystallization, where elongation of grains and subsequent breakdown to
subgrains of 0.1 µm, followed by nucleation of new grains happen [136]. In
FPLSF, the plastic strain levels experienced by the copper foil during defor-
mation is around 0.5, as observed from the finite element analysis of FPLSF,
as seen in the next chapter. These strain levels are considerably small in
comparison to the plastic strains (3 to 4) suitable for the dynamic recrystal-
lization conditions.
3. A significant difference in the deformation mechanism between copper spec-
imen shocked using femtosecond (fs) and nanosecond (ns) lasers was expe-
rienced [134]. Dislocation slip occurring with ns lasers was suppressed by
twinning and stacking faults with fs lasers as a result of increased shock
pressure and strain rate. This result highlighted that the increase in strain
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rate from 106s−1 (for ns pulses) to 108s−1 (for fs pulses) causes a significant
change in the mechanisms involved in the plastic deformation. In FPLSF, the
strain rate of the foil is significantly reduced (~104s−1) due to the controlled
displacement of metal foils induced by the flexible pad arrangement. The
reduction in strain rate influences the deformation mechanisms significantly.
4. In high strain rate forming with dies, there will be additional material com-
pression upon impact due to the inertia effects, increasing the plastic strain
further. As the displacement is restricted in FPLSF, the compression of
metal in the thickness direction due to the inertia effects is greatly reduced.
It is understood that the importance of inertia effects on the formability and
mechanical properties improvement in high strain rate forming processes is
considerably larger than reported.
The combined effect of reduction in strain rate, strain levels, and inertia effects
restricts the FPLSF process to experience high strain rate effects. From the obser-
vations of inverse pole figure maps, grain diameter, aspect ratio, and misorientation
profiles, the strain hardening behavior appears to be more prominent than the adi-
abatic softening, which is a common behavior during high strain rate processes.
Dislocation slip is predicted to be the dominant deformation mechanism rather
than twinning or stacking faults in FPLSF due to the reduced strain rate and
plastic strain. The results highlight that, in addition to strain rate, plastic strain
magnitude and inertia effects also play a dominant role in the adiabatic softening
mechanism.
5.3.3 Comparison between top and bottom surfaces
The microstructural difference between the top and bottom crater surfaces is ana-
lyzed. During FPLSF, the top surface of the metal foil is subjected to laser shock
loading while the bottom surface is constrained by the flexible pad. Fig. 5.12
shows that the grains at the bottom surface experienced more elongation than at
the top surface. Also, the presence of subgrain boundaries was prominent at the
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bottom surface of the crater. Correspondingly, the bottom surface consisted of
a large fraction grains with diameters less than 1 µm in comparison to the top
surface which is observed from Fig. 5.14a. A significant increase in low angle grain
boundaries after forming at the bottom surface (Fig. 5.15) confirms the larger
amount of subgrain formation at the bottom surface. Comparison of aspect ratio
(Fig. 5.14b) also shows that the grains appear to be more uniform at the bottom
surface, largely due to nucleated fine grains.
Therefore, it is evident that the bottom surface contained high dislocation den-
sity regions, fine grains and substructures, whereas the top surface consisted mainly
of high dislocation density regions. This phenomenon is expected since the bot-
tom surface experiences an axial compression in the thickness direction due to the
flexible pad throughout the foil deformation during shock loading while the top
surface is subjected to the shock loading only. The larger compressive strain in
the axial direction and tensile strain in the transverse directions at the bottom
surface compared to those of top surface induces more elongation of grains at the
bottom. The larger magnitude of plastic strain at the bottom surface is confirmed
by the finite element analysis of FPLSF. The occurrence of larger plastic deforma-
tion at bottom surface induces nucleation of new grains concurrently with grain
elongation. Meanwhile, the top surface experiences volumetric compression during
plastic deformation. The compression of grains reduces the elongation of grains
and increases the uniformity of grains as shown on Fig. 5.12b.
The larger increase in hardness at the top crater surface as a result of FPLSF
as seen in Fig. 5.10 can be explained as follows:
• An increase in uniformity of grains was observed at the top crater surface
(Fig. 5.12b). As the uniform grains leads to even distribution of load among
the grains, an increase in the material strength is experienced.
• The compression of grains at the top surface as opposed to the grain elonga-
tion at bottom surface could cause significant difference in dislocation move-
ment and substructure formation.
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• The dislocation density is greater and approximately uniform across the
grains at top surface in comparison to the bottom surface as it is concen-
trated on narrow regions at bottom during the deformation, which can be
verified from the band contrast density (Fig. 5.13).
The presence of subgrain structures at the bottom surface indicate the simultaneous
existence of high strain rate effects in narrow regions where the plastic strain and
strain rates are higher, along with dominant strain hardening in most of the regions.
The top surface reveals the evidences of merely the strain hardening effect. This
difference in plastic deformation mechanism between top and bottom surfaces could
be a significant factor in the dissimilar hardness behaviors of constant hardness at
bottom surface and increasing hardness at top surface with increasing laser fluence,
as observed in Fig. 5.10. The observed correlation between foil thinning and top
surface hardness is a result of plastic deformation due to the strain hardening
mechanism.
5.3.4 Comparison between center and edges of crater
The deformed craters obtained by FPLSF experienced different amount of plastic
deformation between the center and edge portions as evidenced from the corre-
sponding change in thickness (Fig. 5.2). Thus, the microstructure at the edge
regions of the crater is analyzed with that of the center regions. Fig. 5.16 shows
the inverse pole figure and band contrast maps of the crater edge region at the laser
fluence of 13.6 J/cm2. A substantial increase in high dislocation density regions
was observed around a narrow thin portion along the crater edge. Meanwhile, the
grain elongation was observed at the adjacent regions.
The grain diameter and aspect ratio are compared between crater center and
crater edge regions in Fig. 5.17. The grain size distribution at the crater edge
region appears to be similar to that of as received copper, but a reduction in
average grain diameter and its standard deviation was observed. In the crater edge
regions, the fraction of smaller grains (diameter < 1 µm) is 31% in comparison
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Figure 5.16: Deformation crater edge region at the bottom portion at 13.6 J/cm2
fluence (a) Inverse pole figure map (b) Band contrast map
to 68.5% in the crater center, which highlights the presence of larger grains at
the edges. The grains were more elongated at the crater edges than at the crater
center as evidenced from Fig. 5.16 and Fig. 5.12. The subgrain formation and
nucleation of new grains at the crater edges were not as significant as experienced
at the crater center, which resulted in the increased diameter (more grains with
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Figure 5.17: Comparison of grain size distribution between center and edge regions
of the deformation crater (bottom side) by FPLSF (a) Grain diameter (b) Aspect
ratio
diameter > 1 µm) and less uniformity (aspect ratio > 1.5) of the grains at the
edges. This effect can be compared with the misorientation angle distribution at
Fig. 5.18, where the fraction of low angle grain boundaries (misorientation angle
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< 2.5º) at the edge (7%) is three times smaller, in comparison to the center (21%).
The observed difference in microstructure between the center and edge portions of
the crater is reasonable as the magnitudes of stress, plastic strain, and strain rate
are comparatively smaller at the circumference than at the center.
Figure 5.18: Comparison of misorientation angle distribution between center and
edge regions of the deformation crater (bottom side) by FPLSF
In high dislocation density thin region along the crater circumference, few fine
grains were observed as shown in Fig. 5.16. This behavior can be explained by
finite element analysis (6.3). During plastic deformation, each side of the laser
beam outer edge experiences a varying stress profiles. The region towards the
crater center experiences a tensile stress whereas the opposite region experiences
compression. The compressive strain in the narrow region could have resulted in
the refinement of grains and the higher dislocation density region in Fig. 5.16,
whereas the grain elongation is caused by the tensile stresses.
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5.3.5 Effect of laser fluence
The effect of laser fluence on the microstructure of the formed crater is analyzed
for two different fluences, 13.6 J/cm2 and 20.9 J/cm2. Fig. 5.19a shows the band
contrast map of the crater bottom surface corresponding to 20.9 J/cm2 fluence. It
is evident from the comparison of Fig. 5.19a with Fig. 5.13c corresponding to 13.6
J/cm2 fluence that, a substantial increase in high dislocation density regions was
observed with an increase in laser fluence. The increase in laser fluence increases the
shock pressure, and hence the plastic deformation of the foil. Fig. 5.20 compares
the misorientation angle distribution between 13.6 J/cm2 and 20.9 J/cm2 fluences.
With increase in laser fluence from 13.6 J/cm2 and 20.9 J/cm2, both increase in
low angle boundaries (< 2º) from 21% to 23% indicating the presence of subgrains,
and high angle boundaries (>55º) from 43.3% to 49.2% indicating high dislocation
density regions were observed.
5.3.6 Texture Analysis
The surface textures generated on the deformed metal after forming influences
the mechanical properties. Fig. 5.21 compares the inverse pole figure maps of
the copper foil before and after FPLSF. It can be observed from 5.21c that, after
FPLSF, a large number of grains in bottom surface along the rolling direction
(X0) were oriented towards the (111) crystal plane , which is the densely packed
crystallographic plane, favorable for slip to occur during plastic deformation in FCC
crystals. The further plastic deformation could be relatively easier at the bottom
surface than at the top surface due to the crystal lattice orientation favorable for
dislocation slip. The texture formation could also explain for the lower hardness
observed at the bottom surface compared to that of the top surface after FPLSF
(as seen in Fig. 5.10). However, no significant texture formation was observed after
FPLSF.
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Figure 5.19: Crater microstructure at the bottom portion at 20.9 J/cm2 fluence
(a) Inverse pole figure map, (b) Band contrast map
5.4 Summary
This paper studies the high strain rate plastic deformation behavior of thin metal
foils in FPLSF. The hemispherical crater formation during FPLSF is characterized
using foil thinning, surface hardness of the craters, and qualitative and quantita-
tive microstructural analysis in order to study the underlying plastic deformation
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Figure 5.20: Effect of laser fluence on the misorientation angle distribution of crater
surface after plastic deformation by FPLSF
mechanisms. The following conclusions were obtained from the results:
1. FPLSF produces uniform thickness distribution (variation less than 10%)
across the deformed craters with maximum thinning at the crater center.
2. The microstructure of the copper foil surface after FPLSF consisted of sub-
grains, nucleated fine grains, high dislocation density regions, and predomi-
nantly elongated grains. Correspondingly, reduction in grain size and aspect
ratio together with increase in low grain angle boundaries were witnessed.
3. An improvement in surface hardness of the deformed features was realized.
The larger surface hardness at the top surface in comparison to the bottom
surface is attributed to the increase in grain uniformity and high dislocation
density regions.
4. In FPLSF, strain hardening effect was observed to be the dominant plastic de-
formation mechanism, contradictory to the occurrence of adiabatic softening
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Figure 5.21: Comparison of texture of copper foil before and after FPLSF at 13.6
J/cm2 fluence by Inverse pole figure mapping (a) Copper foil surface before FPSLF,
(b) Top surface of the formed crater, (c) Bottom surface of the formed crater
known to occur at high strain rate deformations. This behavior is attributed
to the FPLSF process configuration which induced a combined reduction of
plastic strain, strain rate, and inertia effects.
5. Deformation behavior was observed to be different at the top and bottom
surfaces, and also at the center and edge regions of the crater, causing a
change in hardness and microstructure profile.
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6. Increase in subgrain structures and high dislocation density regions are ob-
served with increase in laser fluence
In addition to the process related benefits with FPLSF as discussed in chapter
4, improved process formability demonstrated by FPLSF results in deformation
features with uniform thickness distribution and enhanced mechanical strength,
which is favorable for the fatigue life of the microcomponents. The modeling and
prediction of the developed process is paramount to deploy in the industry, which
will be focused in the next chapter.
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Chapter 6
Finite Element Analysis
The prediction of process behavior is a necessity for process design purpose. Also,
in FPLSF, the deformation of the metal foil occurs at strain rates greater than 1
x 105 s−1. At these process speeds, it is difficult to study the process evolution
and the stress-strain distributions during the deformation process experimentally.
Furthermore, it will be time-consuming and difficult to extensively investigate the
wide range of various process variables experimentally to understand their influ-
ence on the metal foil deformation. Therefore, process simulation of FPLSF is
necessary to predict the process outputs, analyze the process variables, and study
the characteristics of high strain rate deformation of metal foil and flexible pad.
6.1 Finite element model setup
A commercially available finite element analysis software package, ABAQUS is used
in this analysis. Explicit algorithm is typically used to model the high speed dy-
namic events for which implicit algorithm has convergence issues. Explicit method
uses a large number of small time increments. In this modeling, explicit algorithm
is used as FPLSF involves high speed shock loading, resulting in dynamic material
response. As the shock loading profile is assumed to be identical to that of the laser
beam profile, the square laser beam requires 3D modeling of the process. However,
a quarter of the 3D model is sufficient and used for the simulation to reduce the
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computational cost. The 3D finite element model consisting of metal foil, flexible
pad, and metal support is shown in Fig. 6.1.
Figure 6.1: 3D finite element model of FPLSF process
The flexible pad is placed over the rigid metal support. Both the foil and the
flexible pad are modeled as deformable solids, where the part dimensions (1 mm
x 1 mm x 0.025 mm) correspond to the experimental setup. The metal foil and
the flexible pad are defined using C3D8R elements, which are 8-node, linear brick
elements with reduced integration and hourglass control. This process involves
two contact interaction pairs: metal foil and flexible pad and metal support and
flexible pad. The interaction between the contact surfaces are defined using sur-
face to surface contact algorithm with kinematic contact formulation. Symmetric
boundary conditions are applied on x− 0− z and y − 0− z surfaces for both the
foil and flexible pad. A time period of 25 µs is modeled in this simulation. The
other modeling parameters including loading conditions, material modeling, mesh
density, and friction properties are discussed further below. Fig. 6.2 illustrates the
foil locations at the center and circumference of the crater, where the stress and
strain distributions are analyzed in detail.
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Figure 6.2: Measurement set positions in metal foil for analysis
6.1.1 Plastic deformation of metal foils
As FPLSF involve high strain rate (105 s−1) plastic deformation, Johnson-Cook
constitutive model (Equation 2.11), which is developed for materials subjected to
high temperature, large strains, and high strain rates has been employed in this
analysis [181]. The mechanical properties of the substrate metal foils, pure copper,
pure nickel, and AISI 316 stainless steel, are presented in chapter 3 (Table 3.1). As
the experiments are conducted at room temperature, the temperature effects are
neglected from the analysis.
6.1.2 Laser-induced shock pressure
In laser shock processes, the laser-induced shock waves provides the deformation
force, where the loading is given in terms of shock pressure. The loading area
identical to the beam area has been used in laser shock processing [156, 200]. The
spatial pressure profile is also assumed to be identical to the laser beam profile.
However, Gulshan et al. [153] partitioned the loading area five regions from the
center of irradiation in which the pressure magnitude increases from the center to
the outer edge. As the flat top intensity profile is used in the experiments, spatial
distribution of the pressure is maintained uniform across the loading area. Shock
loading was applied on top of the metal foil in an area over 0.3 mm x 0.3 mm, as
illustrated by arrows in Fig. 6.1. The selection strategy of the temporal profile and
lifespan of the pressure pulse is discussed further in the next sections.
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6.1.2.1 Pressure - Temporal profile
The temporal profile of the shock pressure is identified to be an influential factor.
Though the pressure pulse profile depends on the laser pulse, different pulse profiles
as illustrated in Fig. 6.3a have been used in the simulation of laser shock processes
[148, 155]. Hu et al. [155] approximated the pressure pulse into a triangular ramp,
where the pressure reaches its peak in the time duration equal to its FWHM and
decays to zero in the same FWHM time period (Fig. 6.3a). This assumption
was attributed to the shorter duration of the pressure pulse. A slightly different
triangular pulse was used in the laser shock bulging simulation by Zheng et al.
[201]. Nam [202] used a pressure pulse profile as indicated in Fig. 6.3a, which was
adopted by Gulshan et al. [153] in the simulation of laser shock peening. However,
the actual pressure pulse measured experimentally by Peyre et al. [176] was found
to follow the Gaussian laser pulse distribution, as shown in Fig. 6.3b. Thus, in
this analysis, pressure pulse according to the temporal profile of the laser pulse has
been used.
Figure 6.3: Shock pressure temporal profiles (a) Approximation of pressure profile
for simulation [153] (b) Experimental measurement of temporal profiles of shock
pressure and the laser pulse [176]
It can be identified from Fig. 6.3b that the shock pressure profile is identical
to the laser pulse profile initially until the beam attains its peak. The pressure
increases further and reaches its maximum, after which it is reduced at a faster
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rate initially and then the decline becomes gradual. Typically the pressure pulse is
characterized by FWHM (Full width at half maximum) to calculate its duration.
Pence et al. [203] predicted the duration of pressure to be twice that of laser pulse
using hydrodynamic modeling. Whereas, the pressure pulse, 3 to 4 times longer
than the laser pulses was reported from the experimental investigations by Fabbro
et al. [146]. According to the shock pressure modeling discussed earlier (section
2.7.1 in chapter 2), the pressure pulse duration is predicted to be 2 times longer
than the laser pulse duration in confining conditions. Ocana et al. [204] used an 1D
model, LSPSIM for the shock pressure estimation. However, in laser-induced shock
pressure simulations, the Fabbro’s shock pressure model [160] has been extensively
used to define the pressure of shockwaves induced by the expanding plasma under
confinement conditions [79, 90, 95]. Fabbro’s model is used for the shock pressure
estimation in this thesis.
In this thesis, the laser-induced shock pressure as a function of time was calcu-
lated by numerically solving the equations 2.6 and 2.7 using MAPLE code. The
differential equations require the initial values of absorbed laser intensity, shock
pressure, and the plasma interface thickness. The temporal profile of the laser
intensity was Gaussian. The fraction of plasma internal energy to increase the
thermal energy, α is set as 0.1 [90, 160]. The shock impedance values of the con-
finement mediums and the ablative overlay target used in this experiment are given
in Table 3.2. Temporal distribution of shock pressure calculated from the Fabbro
model for various laser intensities is shown in Fig. 6.4. Despite the application of
45 laser pulses during the experiments, single pressure pulse is applied on the metal
foil surface during the simulation due to the minor change in deformation geometry
(10%) observed experimentally between single and 45 laser pulses in addition to
the complexity involved with the interaction of subsequent pressure pulses.
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Figure 6.4: Temporal profile of laser-induced shock pressure
6.1.2.2 Shock pressure duration
The analytical formulation of shock pressure does not determine the lifetime of the
pressure pulse, which extends well beyond the end of laser pulse as witnessed from
Fig. 6.5. Experimental investigation of pressure pulse using quartz gauge by Peyre
et al. [176] confirms the following observation (Fig. 6.3b) of longer pressure pulse
span in comparison to the laser pulse duration, without specific information on its
lifetime. Therefore, the shock pressure pulse lifespan was selected in this analysis
by comparing the simulation results at different time periods with the experimental
results.
In order to understand the effect of pressure lifespan on the deformation, the
following durations are examined: 200 ns, 300 ns, 400 ns, 500 ns. In addition
to the simulation conditions mentioned previously, laser fluence of 20.9 J/cm2,
Mooney - Rivlin material model for flexible pad, and an element size of 5 µm in
each axis are used for this investigation. It is evident from Fig. 6.6 that the foil
deformation increases with the extension of pressure application. It is interesting
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Figure 6.5: Comparison of the temporal profiles of laser beam and pressure pulse
estimation using Fabbro’s model [160]
to note that, despite the identical pressure magnitude, pressure pulse FWHM, and
the peak pulse time, the foil deformation is affected by the time period until which
the shock pressure persists. The simulation results with different pulse lifespans
are compared with the experimental crater depth of 123.5 µm, and the pressure
lifespan of 200 ns is found to have better agreement with the experiments. Thus,
the pressure pulse lifespan of 200 ns has been used in this analysis.
6.1.3 Hyperelastic deformation of flexible pad
The flexible pads used in FPLSF possess hyperelastic material properties, experi-
encing large elastic deformation upon loading. Different models have been reported
to define the hyperelastic material properties of the rubber, that has nonlinear
elastic behavior when subjected to large strains [205]. The hyperelastic behavior is
described through the strain energy density, which is the work done per unit vol-
ume to deform a material from stress-free state to a loaded state. The relationship
between the stress and strain is defined by the strain energy density function (W )
which is a scalar valued function relating strain energy density of a material to the
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Figure 6.6: Sensitivity of pressure pulse lifespan on metal foil deformation at posi-
tion B
deformation gradient tensor (F), W = W (F).
Modeling of soft rubber material was first initiated by Hencky [206]. Hencky
expressed the relationship between the strain energy and the principal strains (ei)
as a function of ln(1+ei) rather than ei. However, the prediction of rubber behavior
beyond the stretch level using this model was found to be inconsistent. Mooney
[207] then developed a strain energy model consisting of two new coefficients, G
(rigidity modulus) and H compared to the previous elasticity theories. H can be
measured from the coefficient of asymmetry as follows, αa = H/G. In this model,
the stress component (σij) is determined by the derivative of strain energy function
(W ) with respect to the strain component (εij),
σij =
∂W
∂εij
(6.1)
W =
n∑
k+m=1
Ckm
[
(I1 − 3)k + (I2 − 3)m
]
+ 12K(I3 − 1)
2 (6.2)
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where Ckm represents the material constants, I1,I2, and I3 are Cauchy-Green
tensor invariants, and K is the bulk modulus. This model predicted the linear
portion of the force-stretch curve accurately for two types of rubber, tread stock
and gum stock with the following formulation of tensile force,
T = G2 P2(λ) +
H
2 Q2(λ) (6.3)
where P2(λ) and Q2(λ) are functions of principal stretches. In order to fit the
experimental curve, an empirical term ’Cλm’ was added to Eqn. 6.3, in which m
ranges from 17 to 25, which indicates the influence of empirical fit. No theoretical
interpretation of the term ’Cλm’ was provided however. The limitation with this
formulation is the assumption of “traction in simple shear at any isotropic plane
is proportional to the shear”, which was proved to be erratic at higher stretches.
Another issue with this model is that the stress at any point is merely a function
of present strain, neither history nor rate of loading were considered in the for-
mulation, irrespective of the strain limits, lower or higher. A simplified version of
Mooney-Rivlin strain energy function for incompressible rubbers is given as,
W =
2∑
i=1
Ci(Ii − 3) (6.4)
A reduced polynomial form, Yeoh model, eliminating the second tensor invariant
from Eqn. 6.4 is expressed as [208],
W =
3∑
i=1
Ci(I1 − 3)i (6.5)
A further simplification of strain energy function, Neo-Hookean model is de-
picted as, W = C1(I1 − 3).
A different formulation for strain strain energy potential using principal stretches
(λi) instead of tensor invariants in the models discussed earlier (Mooney-Rivlin,
Yeoh, and Neo-Hookean) was devised by Ogden [209] as follows,
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W =
N∑
i=1
2µi
α2i
(λαi1 + λ
αi
2 + λ
αi
3 − 3) +
Ki
2
(J − 1)2 (6.6)
where µ is the shear modulus and J is the Jacobian of the deformation gradient,
J = det(F ).
Martins et. al. [208] compared different hyperelastic material models such as
Yeoh, Mooney-Rivlin, Ogden, Neo-Hookean, Humphrey, Martins, and Veronda-
Westmann to define soft human tissues. The best correlation between the experi-
ments and analytical modeling was experienced with Yeoh and Ogden models for
analyzing the deformation behavior of soft tissues [208]. However, for smaller strain
levels (ε < 0.2), poor predictability was demonstrated by all the material models.
Mooney-Rivlin model has been widely used in various studies related to the rub-
ber pad forming [45, 64, 65, 70, 210]. Few researchers have used Ogden model to
describe the rubber material [60, 211]. Ali et al. [212] recommended the selection
of material models based upon the magnitude of deformation with Neo-Hookean
model for smaller strains, Mooney-Rivlin model for moderate strains, and Ogden
model for larger strains.
Thus, in this FPLSF simulation, different hyperelastic material formulation,
Mooney-Rivlin, Ogden, Neo-Hookean, and Yeoh models are compared to choose
the model with better prediction capabilities. The properties of the material can
be defined using the constants or the test data. In this analysis, uniaxial tension
or the compression test data of the flexible pad materials was supplied as the input
for the Mooney-Rivlin strain energy formulation. The stress-strain response of the
flexible pad are determined using uniaxial tension and compression tests. Uniaxial
tension tests were performed using Instron 5500R universal testing machine with
a displacement loading at 500 mm/min. Dog-bone specimens for tension test were
prepared as per the ASTM D412 standard [213] and the process is terminated with
failure. Uniaxial compression test were performed with the loading speed of 0.5
mm/min and the test was terminated at the strain of 0.8. The specimen were
prepared according to ASTM D395 standard [214]. The stress-strain relationship
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for silicone rubber, natural rubber, and polyurethane rubber from uniaxial tension
and compression tests is shown in Fig. 6.7.
Figure 6.7: Experimental stress-strain behavior for different flexible pad materials
(a) Uniaxial compression (b) Uniaxial tension
Silicone rubber flexible pad and copper metal foil are used for this analysis.
It is evident from the axial displacement of foil position B at Fig. 6.8a that the
deformation behavior of metal foil is predicted well with Mooney-Rivlin model,
whereas the predicted crater depths are much higher than that of experiments. An
excessive compression of pad with Neo-Hookean model was experienced, which can
be verified from the constant equivalent strain of the metal foil at Fig. 6.8b. The
investigation of Yeoh model (Eqn. 6.5) too indicated a poor agreement with exper-
iments. Thus, Mooney-Rivlin model is used to define the hyperelastic deformation
of flexible pad in FPLSF.
6.1.4 Mesh sensitivity
The selection of optimum mesh size for the analysis is based on the experimental
agreement and the simulation cost. Initially, the different mesh densities of flexible
pad were tested, which revealed no difference in the material response. Hence, the
uniform mesh of 30 µm element size was chosen at all dimensions of the flexible
pad. Further, the mesh size of the metal foil is analyzed as given in the Table. 6.1.
The number of elements in each direction and the total number of elements in a
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Figure 6.8: Effect of hyperelastic material model on the deformation behavior in
FPLSF (a) Axial displacement (b) Equivalent plastic strain
combination are listed accordingly.
Table 6.1: Mesh sensitivity analysis
No
Element
size in
X direc-
tion
(µm)
Element
size in
Y direc-
tion
(µm)
Element
size in
Z direc-
tion
(axial)
(µm)
Total
number of
elements
Processing
time
(minutes)
Crater
depth
(µm)
I 10 10 12.5 2 x 104 39.4 110.7
II 10 10 10 2.5 x 104 62.75 109.4
III 10 10 5 5 x 104 102.1 107.4
IV 5 5 5 20 x 104 215.8 107.1
V 5 5 1 100 x 104 395.2 104.7
VI 2.5 2.5 2.5 160 x 104 502.5 105.2
Fig. 6.9a compares the axial displacement of the metal foil for different mesh
combinations (which are indicated by the total number of elements in the graph).
It can be observed that the axial deformation of the metal foil at position B varies
only by a smaller amount with change in mesh density. The other foil positions
also exhibit a similar behavior. The crater depth, which is presented in Table. 6.1,
is calculated from the relative displacement of foil positions A and C corresponding
to the crater center and non-deformed foil regions, respectively. The experimental
observation of crater depth for corresponding laser fluence (20.9 J/cm2) was 123.5
µm. In comparison with the experiments, the simulation with finer meshes (con-
ditions V and VI in Table. 6.1) experiences more deviation. In addition, uneven
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aberrations of axial plastic strains in the foil occur with finer meshes. Whereas, it
can be observed from Fig. 6.9b that the equivalent plastic strain magnitudes are
much lesser for the coarse meshes (conditions I and II). Furthermore, minor increase
in strains, which is possible during the springback of rubber, are not predicted for
coarse meshes. Thus the uniform mesh of 5 µm element size in all directions is
identified to be an optimum mesh density and selected for further analysis.
Figure 6.9: Comparison of foil deformation at position B at different mesh densities
(a) Axial displacement (b) Equivalent plastic strain
6.1.5 Friction
Friction between the process components is one of the significant variables affecting
the deformation properties in sheet metal forming, Peng et al. [46] observed in
flexible forming process that, an increase in the coefficient of friction from 0 to 0.3
during the interaction between the rubber pad and the blank, causes no significant
change in the stress distribution of the blank. Similarly, the friction coefficient was
found to have no effect on the thickness distribution of the blank. Meanwhile, it is
obvious that friction between the blank and the rigid die proved to be significant in
processes with dies [10]. Ramezani et al. [60] used the friction coefficient between
the rubber and blank as 0.25 whereas Liu et al. [194] and Dirikolu et al. [64] used
0.2 in lubricated conditions. Sala et. al [70] used 0.6 as the friction coefficient in
non-lubricated conditions.
In this analysis, the friction between the contact surfaces is evaluated with the
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following friction coefficients (µ): 0.2, 0.3, 0.4, and 0.6. Fig. 6.10 compares the
deformation profile and equivalent plastic strain of the metal foil with change in
friction coefficient. Despite a minor deviation with µ= 0.6, the friction between the
surfaces has no considerable effect on the foil deformation, as the axial displacement
(Fig. 6.10a) and plastic strain profiles (Fig. 6.10b) are identical with the change in
friction properties. This behavior of friction effect in FPLSF can be comparable to
the rubber pad forming process, as the flexible pad displaces along with the blank,
reducing the effect of friction in the process response. A friction coefficient of 0.4 is
applied in this simulation to define the friction between the flexible pad with both
the metal foil and metal support.
Figure 6.10: Sensitivity of friction coefficient on foil deformation at position B (a)
Axial displacement (b) Equivalent plastic strain
6.2 Finite element model validation
The validation of the finite element model is performed using the comparison of the
following deformation characteristics between experiments and simulations: shape,
depth, and diameter of the deformation features. Fig. 6.11 compares the 3D and 2D
geometry of the formed craters between experiments and simulation. SEM image
of the formed crater on copper foil, which is hemispherical in shape, corresponding
to the laser fluence of 13.6 J/cm2 with silicone rubber (900 µm thick) as the flexible
pad is shown in Fig. 6.11a. It can be observed from the axial displacement contour
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of the metal foil (Fig. 6.11c) from simulations that the predicted crater shape has
been hemispherical, which confirms with the experimental observations. The 2D
(x − z plane) profile of the crater from simulation (Fig. 6.11b) is compared with
the surface profile measured by Talyscan surface profiler (Fig. 6.11d) indicating a
similar crater profile.
Figure 6.11: Comparison of deformation feature on copper foil between simulation
and experiment at 13.6 J/cm2 laser fluence: (a) SEM image of the deformation
crater top surface (b) 2D surface profile at the center of crater, from experiments;
(c) 3D Axial displacement (µm) contour (d) 2D (x-z plane) displacement (µm)
profile of the foil, from simulations
From the simulations, the crater depth of 85.9 µm for the laser fluence of 13.6
J/cm2 is predicted, whereas the corresponding crater depth from the experiments
has been 97.8 µm. The difference in crater depth and crater diameter between
simulation and experiment is found to be 12% and 4.8% respectively. This discrep-
ancy is attributed to a number of factors including limitations with shock pressure
modeling, non-inclusion of strain rate effects in the modeling of flexible pad de-
formation, and approximations in pressure pulse duration, loading area, and the
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number of pulses, which are detailed in section 6.5 at later part of this chapter. The
agreement between the experiments and simulation is reasonably sufficient for this
study, as this thesis focuses on examining the time-resolved stress-strain distribu-
tions during the process and analyzing the generic qualitative behavior of process
parameters on the deformation characteristics using the process simulation. Thus,
the developed finite element model is used for the further analysis.
6.3 Deformation analysis
The evolution of crater formation in FPLSF is analyzed in detail using the finite
element analysis. The high strain rate deformation of metal foils and hence the
crater formation consists of various process stages. Copper foil (25 µm thick) and
silicone rubber (900 µm thick) are used as the substrate and flexible pad materials,
respectively. Fig. 6.12 illustrates the axial displacement profile of copper foil and
flexible pad (silicone rubber) at different time periods during the process simulation
for the laser fluence of 13.6 J/cm2. The crater formation in metal foil can be
classified into the following sequences:
1. Metal foil deformation phase (up to 1.8 µs)
2. Flexible pad elastic deformation due to inertia (1.8 µs – 4.1 µs)
3. Flexible pad elastic recovery (4.1 µs – 9 µs)
4. Foil detachment from the flexible pad (after 9 µs).
The different process stages are also illustrated in Fig. 6.13 that compares the axial
displacement of foil and flexible pad at the center position of their top surfaces.
Stage 1 : When the loading is initiated, there is no significant deformation of
the foil until 40 ns. The shockwave starts from the top surface, propagates through
the foil thickness, and reflects back from its bottom surface during which the next
shockwave starts propagating from the top surface. The maximum von Mises stress
occurs at the center of the foil thickness near the loading area circumference at this
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period, which can be compared by the early rise of equivalent plastic strain at E and
F compared to other positions from Fig. 6.14. Then the maximum von Mises stress
moves away from the circumference to the adjacent regions along foil positions E
and F after 110 ns. With increase in time, the stress moves further away from the
circumference. Though the displacement at foil position A starts at 50 ns, it is very
minimal until 220 ns, after which it increases gradually. Deformation at B starts
at 180 ns and increases gradually after 250 ns. Simultaneously, the shockwaves
propagate in the transverse directions along the loading surface. It is interesting to
observe that the foil deformation continues until 1.8 µs though the load duration
ends at 200 ns. During this entire stage (until 1.8 µs), the displacement of foil and
flexible pad are similar which can be verified from Figs. 6.12a and 6.13.
Figure 6.13: Comparison of axial displacement (µm) of foil position B and center
of flexible pad top surface
Stage 2 : The foil deformation attains its saturation after 1.8 µs and the in-
crease in displacement has been kept minimal until it reaches its peak at 3.1 µs.
Meanwhile, the flexible pad continues its deformation as seen in Figs. 6.12b and
6.13. The maximum principle stress at this stage is located near the crater edges
with the foil, whereas it occurs at a distance of 300 µm from the pad top in the
187
Figure 6.14: Equivalent plastic strain with respect to time for different foil positions
flexible pad spreading over a distance of 90 µm. During this stage, the elastic de-
formation of flexible pad is continued due to the inertia till the shockwave reaches
the bottom of the pad.
Stage 3 : In this stage, the shockwaves propagating in the flexible pad reach the
bottom surface at 4.1 µs. The shockwaves then retract back forcing the pad in the
opposite direction. The pad comes into contact with the foil at 8.75 µs as shown
in 6.12c. Once the flexible pad contacts the foil at the center, both the foil and
pad are found to have axial displacement in the upward direction. At this stage,
a small plastic deformation occurs only at the foil position B causing a reduction
in obtained crater depth. This behavior can be witnessed from the rapid increase
in equivalent plastic strain at B after 8 µs in Fig. 6.14. However, the shape of the
crater still remains hemispherical as seen in 6.12c.
Stage 4 : The displacement of flexible pad and foil continues upwards at this
stage as the foil is gradually detached from the flexible pad. However, the foil does
not experience any plastic deformation. The formed crater on the metal foil which
is completely detached from the pad at 25 µs can be seen Fig. 6.12d.
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6.4 Effect of process parameters
The parametric study of significant process variables is performed to understand
their influence on the plastic deformation characteristics of the metal foil. It is also
required to correlate the stress-strain distribution with the experimental observa-
tions as discussed in the previous chapters.
6.4.1 Effect of metal foil material
The influence of metal foil material on the plastic deformation during FPLSF is
analyzed for the following materials: copper, nickel, and stainless steel. It is obvious
from Fig. 6.15 that copper experiences the maximum displacement followed by
nickel and stainless steel, which is in correlation to the mechanical properties (yield
strength, strain hardening coefficient, and tensile strength) of the materials as
indicated in Table. ??.
Figure 6.15: Comparison of axial displacement (µm) of foil position B between
different metal foils
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6.4.2 Effect of metal foil thickness
The thickness of the metal foil plays a major role in the deformation characteristics.
This analysis will also be helpful to determine the FPLSF process capability, in
terms of competent substrate thickness range, within which absolute foil deforma-
tion of the entire substrate without damages is accomplished.
Fig. 6.16 compares the axial displacement and equivalent plastic strain of foil
position B between four different thicknesses of copper foil. It is obvious that
the deformation increases with a reduction in foil thickness. However, for much
smaller thicknesses (10 µm), the foil experiences structural damage by means of
an irregular bend around the edges during deformation, as indicated in Fig. 6.17a.
Additionally, the shape of the deformation features with 10 µm thick foil is observed
to be different than that with thicker foils. The feature shape with 10 µm has been
identical to a square box (Fig. 6.17a), instead of the hemispherical crater shape
as observed with 25 µm (Fig. 6.17b). This square-box feature geometry can be
correlated with the square loading profile in this analysis. Meanwhile, the thicker
foils experience smaller deformation and no detachment of the foil from the flexible
pad was observed. Due to the rigidity provided with the thicker foils, no plastic
deformation in the opposite direction occurs (as explained in section 6.3 for 25
µm thickness) during the elastic recovery of flexible pad, which can be witnessed
from the corresponding equivalent plastic strain at Fig. 6.16b and crater profiles
at Figs. 6.17c and d. At thicker foils, the maximum von Mises stress occurs at
the center portion of the foils at 1.25 µs in comparison to the edges of the loading
area at lesser thicknesses. With increase in thickness, the area of deformation
increases with reduction in axial displacement. Thus, it can be concluded that the
formation of perfect hemispherical craters with flat top intensity profile is influenced
significantly by the metal foil thickness.
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Figure 6.16: Effect of metal foil thickness on foil deformation at position B (a)
Axial displacement (µm) (b) Equivalent plastic strain
Figure 6.17: Comparison of crater formation through axial displacement (m) be-
tween different metal foil thicknesses (a) 10 µm (b) 25 µm (c) 50 µm (d) 100
µm
6.4.3 Effect of flexible pad material
To study the effect of flexible pad material on the metal foil deformation, the
following three different rubber materials, silicone rubber (SR), natural rubber
(NR), and polyurethane rubber (PU) have been tested on copper foil. The thickness
of the flexible pad is kept constant as 900 µm in this study.
Fig. 6.18 compares the evolution of crater formation between flexible pad mate-
rials through the axial displacement contour at different time periods of the forming
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process. It can be observed from Fig. 6.18 that the initiation and time duration
of four different stages of the FPLSF process vary significantly with the flexible
pad material, which can be attributed to the corresponding change in propagation
speed and direction of the shockwaves within the flexible pad. The flexible pad
detaches from the foil at 1.4 µs with polyurethane rubber compared to 1.8 µs for
silicone rubber and natural rubber, which can be verified from Fig. 6.19 where
the axial displacement of foil position B (center of crater bottom surface) and the
center of the flexible pad top surface are compared between flexible pad materials.
It is evident that the propagation of shockwave is faster with polyurethane rubber,
which is stiffer than other materials tested. Correspondingly, the elastic recovery
of rubber too is faster with polyurethane rubber. This behavior can be witnessed
from Fig. 6.20 where the equivalent plastic strain raises sharply at foil position
B after 7.5 µs for silicone and natural rubbers and after 5.6 µs for polyurethane
rubber, the time at which the flexible pad comes in contact with the foil. However,
there is no change in the amount of equivalent plastic strain with the change in the
flexible pad material.
The experimental investigation of flexible pad material (section 3.10.5.1 in chap-
ter 3) indicated an increase in deformation depth with increase in flexible pad hard-
ness. The simulation results are found to be consistent with that of experiments,
where the foil deformation is maximum with natural rubber and minimum with
polyurethane rubber. The deformation gradient of the foil is also larger with nat-
ural rubber. The experimental observation of reduction in thinning and surface
hardness with increase in pad increase requires an examination of stress and strain
distributions in the metal foil and flexible pad during the deformation process,
which is achieved through finite element analysis.
Fig. 6.21 compares the transverse and axial stress distributions between silicone
rubber and polyurethane rubber at the center of the crater top and bottom surfaces
for copper foils during FPLSF. A schematic illustration of these stress profiles at
different time periods is presented in Fig. 6.22. Before the foil deformation is
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Figure 6.19: Comparison of axial displacement (µm) of foil position B and Rubber
top center between different flexible pad materials
Figure 6.20: Comparison of equivalent plastic strain between foil positions B and
D between different flexible pad materials
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Figure 6.21: Effect of flexible pad material on stress distribution at foil positions
A (top surface) and B (bottom surface) (a) Transverse stress (b) Axial stress [SR
– Silicone rubber; PU – Polyurethane rubber]
Figure 6.22: Effect of flexible pad material on stress distributions (unit as MPa)
of the metal foil during deformation at (a) Position A (top surface) (b) Position B
(bottom surface)
started (at 100 ns), both the axial and transverse stresses at foil positions A and B
are compressive and remain identical for both pad materials. With silicone rubber
as the flexible pad, the transverse stresses are tensile up to 10 µs before turning
to compressive at foil position A, whereas it remains compressive throughout the
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analysis after being tensile at 1.2 µs (when the foil is in contact with the flexible
pad) at foil position B. With increase in pad hardness, more compression at A
(top) and less tension at B (bottom) along transverse directions (Fig. 6.21a), and
increased axial compression both at A and B (Fig. 6.21b) are experienced during
the deformation stage. For all processing conditions, the magnitude of axial stress
is much lesser than that of transverse stresses as evident from Fig. 6.21.
Finite element simulation predicted the similar trend of thinning with the change
in flexible pad material. The following discussion explains the observed experimen-
tal behavior of foil thinning:
1. Experimental results indicated the maximum thinning at the center of the
crater. This behavior is in correlation to the maximum axial and transverse
strains at the center in comparison to the strains at other foil positions.
2. An increase in thinning along with flexible pad hardness was expected as an
increased foil compression by the pad is likely to occur. The reversal of trend
with experiments can be substantiated using the finite element analysis as
follows:
(a) Thinning of metal foils occurs due to the combined compressive axial
strain and tensile transverse strains. As the axial strain remains com-
pressive and transverse strains remain tensile throughout the deforma-
tion (Fig. 6.23), foil thinning occurs during FPLSF. The reduction of
thinning with increase in pad hardness can be attributed to the sub-
sequent reduction in the magnitude of both the axial compression and
transverse tensile strains as evident from Fig. 6.23.
(b) It is realized from Fig. 6.18 that, though the final crater depth is con-
trolled by the flexible pad, the displacement of flexible pad continues
even after the foil deformation is ceased. Therefore, there will be no
axial compression of foil as anticipated once the pad departs the bottom
surface of the foil regardless of the pad material.
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Figure 6.23: Effect of pad material on strain distribution at foil positions A and
B (a) Transverse strain (b) Axial strain [SR – Silicone rubber; PU – Polyurethane
rubber]
Similarly, the observation of reduction in surface hardness with increase in pad
hardness is attributed to the following factors:
1. The residual stresses at both the center of top and bottom surfaces after
the process turns from compressive (with silicone rubber) to tensile (with
polyurethane rubber) with increase in pad hardness (Fig. 6.22 at 25 µs).
As the compressive residual stress is a crucial factor for the surface hard-
ness enhancement, the reduction in hardness with polyurethane rubber is
comprehensible.
2. Reduction in axial compressive strain and transverse tensile strains are ob-
served (Fig. 6.23) with increase in pad hardness, together with lesser plastic
deformation, which could have resulted in the reduction of surface hardness.
6.4.4 Effect of flexible pad thickness
The finite element analysis of the effect of flexible pad thickness on the foil deforma-
tion is performed at the different thickness levels: 300 µm, 600 µm, 900 µm, 1200
µm, 1500 µm, 2000 µm, and 3000 µm. Silicone rubber is used as the flexible pad.
Fig. 6.24 compares the evolution of crater formation between different thicknesses
of the flexible pad. The crater depth with the change in pad thickness is plotted
in Fig. 6.25a. For increase in pad thickness, the crater depth increases drastically
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from 300 µm to 900 µm, whereas it increases gradually for thicknesses greater
than 900 µm. Despite the significance of pad thickness on final crater depth, it
is interesting to observe that the maximum displacement at foil positions A and
B at 1.25 µs remains unchanged, which can be witnessed from the identical axial
displacement (Fig. 6.24 at 1.25 µs for all thicknesses) and the identical axial plastic
strain in Fig. 6.25b. The constant displacement with the change in pad thickness
is attributed to the fact that, the displacement of the foil depends upon the shock
pressure and flexible pad properties, which are kept constant in the analysis.
A significant difference in the behavior of flexible pad elastic recovery is found
to occur with the change in pad thickness. During foil deformation stage, the
disengagement of flexible pad from the metal foil is accompanied by the propagation
of axial compressive shockwave through the pad thickness starting from the top
surface. Subsequent formation of tensile shockwave at 5 µs at the top surface
center of the flexible pad is shown in Fig. 6.26a, which is identical at all the
flexible pad thicknesses. As a result, contact between pad and foil is established
at foil position B, causing an upward displacement of the contact region. During
this stage, the compressive wave in the axial direction is reflected back from the
pad bottom, forcing the pad to dissociate from the metal backing. Concurrent
propagation of transverse tensile shockwave causes the flexible pad to establish
contact with the foil initially at the crater center (position B) and then to the
circumference (position F) and the non-deformed area (position D). Fig. 6.26b
shows the contact formation between flexible pad and foil for 900 µm thickness.
The above-mentioned phenomenon is similar for the pad thickness ranging between
900 µm and 1500 µm. If the flexible pad is thicker than 1500 µm, the contact is
established only between foil positions B and F as shown in Fig. 6.26b for 3000
µm, as the compressive shockwave takes longer time to reach the bottom surface.
Correspondingly, no compression of foil position B was noticed from Fig. 6.25b for
pad thicknesses greater than 1500 µm. Therefore, it is evident that the interaction
between different shockwaves, axial rarefaction wave with the transverse tensile
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Figure 6.24: Finite element analysis of the effect of flexible pad thickness on axial
displacement (m) contour at different time duration (a) 300 µm (b) 600 µm (c)
900 µm (d) 1200 µm (e) 1500 µm (f) 2000 µm (g) 3000 µm
shockwaves, during flexible pad elastic recovery has a decisive role in the final
deformation crater geometry. As the flexible pad thickness influences the axial
rarefaction wave, it is a significant factor for the crater depth, crater shape, foil
thinning, and crater surface hardness in FPLSF.
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Figure 6.25: Finite element analysis flexible pad thickness influence in FPLSF (a)
Change in crater depth with respect to the flexible pad thickness (b) Evolution of
axial plastic strain at foil position B with variation in pad thickness
The change in elastic recovery of flexible pad with thickness results in the ob-
served change in crater depth (Fig. 6.25a) despite the constant maximum displace-
ment. The smaller crater depth with 300 µm can be attributed to the following
behavior occurring during the process: when the pad thickness is small, the shock-
wave reaches the pad bottom rapidly. As a result, the flexible pad is detached
from the metal backing and displaced in the upward direction. The retracting pad
contacts the center portion of the deformed crater and induces more plastic defor-
mation in the opposite direction, which is evident from the corresponding larger
axial plastic strain shown in Fig. 6.25b.
Experimental analysis of flexible pad thickness (section 3.10.5.2 in chapter 3)
indicated a reduction in surface hardness with increase in flexible pad thickness.
This behavior is examined by the finite element analysis as follows:
1. It can be noticed from Fig. 6.25b that the amount of plastic deformation at
the foil center during the elastic recovery of the pad reduces with the increase
in pad thickness, and almost no deformation is observed at that stage for pad
thicknesses greater than 2000 µm.
2. With increase in pad thickness, the magnitude of compressive residual stresses
remains approximately constant at the center of top surface (Fig. 6.27a),
whereas the residual stresses turns from compressive to tensile at the bottom
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Figure 6.26: (a) Axial strain contour indicating different shockwaves at 5 µs (thick-
ness - 900 µm) (b) Comparison of contact evolution between foil and flexible pad
during elastic recovery of rubber for pad thicknesses 900 µm and 3000 µm
surface center (Fig. 6.27b).
As both the magnitude of plastic deformation and compressive residual stresses is
reduced with increase in pad thickness, the surface hardness will be experiencing a
reduction as observed during the experiments.
Therefore, while comparing the effect of pad thickness on the crater depth with
that on the surface hardness, it is realized that, an optimum thickness of flexible pad
has to be selected in order to achieve maximum feature deformation and maximum
surface hardness of formed features.
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Figure 6.27: Effect of flexible pad thickness on stress distributions (unit as MPa)
of the metal foil during deformation at (a) Position A (top surface) (b) Position B
(bottom surface)
6.4.5 Effect of laser fluence
The comparison of deformation crater depth between experiments and simulation is
analyzed at different laser fluences ranging from 7.3 J/cm2 to 20.9 J/cm2 as shown
in Fig. 6.28. The relative error between experiments and simulation is found to be
10% to 20% for the given range of laser fluences, which is in acceptable range for
the behavioral study.
It can be observed from Fig. 6.28 that, for laser fluences less than 7.3 J/cm2,
crater formation is predicted by the simulation despite no actual crater formation.
This discrepancy resulted from the assumption of Fabbro’s model that the supplied
laser energy is sufficient for the irradiation of target surface. For the laser fluence
of 5.2 J/cm2, plastic deformation of copper foils is observed with simulations as the
peak shockpressure calculated from Eqn. 2.8 for the 5.2 J/cm2 fluence (167 MPa) is
greater than the yield strength of copper (90 MPa). Whereas, the laser energy was
insufficient to vaporize the aluminum foil ablative overlay during experiment for the
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Figure 6.28: Comparison of crater depth between experiment and simulation for
different laser fluence
corresponding laser fluence and hence no craters were produced. Thus, the finite
element model of FPLSF is proven to predict the crater formation reliably for laser
fluences greater than the fluence threshold limit for ablative overlay vaporization.
6.5 Discussions
Though the finite element modeling of FPLSF assists in studying the deformation
behavior and the process parameters effectively, few discrepancies with the existing
modeling approach are identified:
• Despite an agreeable correlation (less than 20%) between experiments and
simulation is noted, the range of deviation is uniform with the change in
laser fluence as seen in Fig. 6.28.
• Though the finite element analysis predicts the deformation of foils with natu-
ral rubber and silicone rubber reasonably well, over-prediction of deformation
depth was observed for polyurethane rubber. Similar behavior was noted for
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the stainless steel foil irrespective of the flexible pad material.
• The foil thinning is under-predicted with the simulation despite the trend of
pad hardness and thickness influence on thinning is coherent.
These discrepancies can be attributed to several aspects including material mod-
eling, shock loading conditions, and process conditions. The following discussion
addresses these disagreements and highlights some relevant concerns:
• Mooney-Rivlin strain energy formulation (Eqn. 6.2) is employed in this
analysis to define the hyperelastic deformation of flexible pad. The mate-
rial properties of flexible pad are defined using quasi-static compression or
tension tests. Previously, Mooney - Rivlin model has been used to predict
the deformation of rubber successfully, but in quasi-static loading conditions
[45, 64, 65, 70, 210]. In FPLSF, the strain rates involved in the deformation of
rubber is observed to be greater than 1 x 105 s−1. The effect of strain rate on
the rubber deformation could have significant influence on the stress-strain re-
lationships. As the Mooney-Rivlin formulation does not consider the history
or rate of loading, there is a possibility of inaccurate prediction of dynamic
material response of flexible pad. This high strain rate effect could cause
significant deviation in rubber deformation between the simulation results
and the actual experiments. Due to this, the predicted elastic deformation
of rubber is lesser than the actual case, causing the corresponding reduction
in metal foil deformation.
• As mentioned earlier, uniaxial tension and compression tests (Fig. 6.7) are
used to define the flexible pad properties in this analysis. However, the ma-
terial experiences different deformation modes such as uniaxial, biaxial, and
volumetric tension or compression during its deformation in FPLSF. The
difference in stress-strain behavior between actual FPLSF process and the
limited testing conditions could lead to the discrepancies in the foil mate-
rial plastic deformation. Test data at corresponding strain rates and other
deformation modes might be required for better prediction.
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• The simulation has been performed with single pulse whereas the actual ex-
periments were conducted with 45 pulses. The deformation geometry with
single pulse was found to be 10% smaller than with 45 pulses. This factor
can be comparable to the 10 to 20 % variation between experimental and
simulation results.
• Despite the prediction of pressure pulse to sustain for longer time (> 3 µs) af-
ter the end of laser pulse by Fabbro’s shock pressure model, the total lifespan
of the shock pressure pulse have been approximated as 200 ns in this analysis
based on the better correlation with experiments. Meanwhile, it is observed
from this finite element analysis (Fig. 6.6) that the shock pressure duration
plays a significant role in the deformation of metal foils. If the pressure pulse
lifespan longer than the assumed 200 ns is applied, the deformation depth
will be increased obviously. An experimental measurement of shock pressure
pulse will be required to determine the pressure pulse span.
• Due to the partial ablation of overlay material, the shockwaves are initiated
from the overlay surface, which then propagates into the overlay before con-
tacting the metal foil (as discussed in chapter 3). Thus, when the shockwave
reaches the substrate, the impacting area will be larger than the irradiated
beam area. Due to the approximation of loading area similar to the beam area
considered in this simulation, the prediction of deformation profiles might be
inaccurate.
• The attenuation of the shockwaves is an another effect of the partial ablation
of overlay during the experiments. This shockwave attenuation is not consid-
ered in the shock pressure calculation using Fabbro’s model (Eqn. 2.7). Thus,
the shockpressure used in the simulation should be higher than that with ex-
periments, which hence should result in increased deformation. However,
the reversal of this trend (Fig. 6.28) observed earlier, highlights the possible
occurrence of impedance mismatch effect. These two contrasting behaviors,
shockwave attenuation and pressure enhancement due to the impedance mis-
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match, as a result of partial ablation of ablative overlay, is expected to influ-
ence the process outputs. If the pressure increase by impedance effects ex-
ceeds the shockwave attenuation, the pressure pulse magnitude will be higher.
However, these behaviors are not taken into account in the shock pressure
calculation, which could result in the process simulation discrepancies.
6.6 Summary
This chapter demonstrates the development of a finite element model to study the
deformation characteristics of metal foil in FPLSF. The prediction of deformation
feature depth, diameter and shape from the FE model correlates sufficiently well
with the experimental results. Then, a time-resolved analysis of stress and strain
distributions at different positions along the foil is performed. The crater formation
in FPLSF is identified to be comprised of various sequential process stages: metal
foil and flexible pad deformation, inertial pad displacement, elastic recovery of pad,
and the foil detachment from pad. Furthermore, several process variables, laser
fluence, material and thickness of the metal foil and flexible pad are investigated
using the finite element analysis. The following significant conclusions can be made
from the analysis:
• Different deformation feature shapes are obtained with the change in the
thickness of foil substrate for identical pressure pulse profiles, highlighting the
significance of foil thickness in realizing the required deformation features.
• The flexible pad material (hardness) have significant influence on the plastic
deformation of the metal foils. The initiation and time duration of four differ-
ent stages of FPLSF process vary significantly with the flexible pad material,
which can be attributed to the corresponding change in the propagation speed
and direction of the shockwaves within the flexible pad.
• Similarly, the flexible pad thickness influences the deformation feature ge-
ometry through a difference in elastic recovery behavior of the flexible pad.
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An optimum flexible pad thickness is necessary to achieve maximum feature
deformation and surface enhancement of formed features.
• The difference in the geometry and surface characteristics of the deformation
features with change in flexible pad hardness and thickness is attributed to
the magnitude and direction of strain distribution during the deformation
phase, additional plastic deformation during the elastic recovery of the pad,
and the residual stress distributions at the deformed feature.
Finally, the limitations with the existing finite element modeling approach are
outlined, some of which are common to the simulation of laser shock processes.
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Chapter 7
Conclusions and Future Work
This chapter summarizes the conclusions of this research work and highlights pos-
sible directions for further improvement.
7.1 Conclusions
In this work, a new, non-contact microforming technique, Flexible Pad Laser Shock
Forming (FPLSF), to fabricate microfeatures on thin metallic foils has been devel-
oped and successfully demonstrated. FPLSF uses laser-induced shock waves and a
flexible-pad arrangement to induce plastic deformation of metal foils. Hemispher-
ical craters of depth ranging from 15 µm to 300 µm, and radius between 150 µm
and 1 mm were formed on 25 µm thick copper, nickel, and stainless steel foils using
a Q-switched Nd:YAG laser irradiation. The crater formation in FPLSF comprised
of various sequential process stages: laser irradiation of ablative overlay, plasma
formation and expansion, shockwave propagation, metal foil and flexible pad de-
formation, and elastic recovery of flexible pad. In order to acquire the process
knowledge, several FPLSF parameters, were studied in detail. The most signifi-
cant parameters to control the deformation depth and diameter were identified to
be laser fluence and beam profile. Also, single laser pulse was sufficient to pro-
duce the craters as more than 90% and 75% of the final depth and diameter were
achieved during the first pulse itself, in comparison to 45 pulses. Ablative over-
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lay was found to affect the foil deformation based on two mechanisms, impedance
mismatch effects and shockwave attenuation. In addition to controlling the depth
and diameter, confinement medium influences the shape of deformation features.
At higher laser fluences (20.9J/cm2), shockwave ripples were formed on copper
foils with glass confinement whereas hemispherical craters were formed with water
confinement. Understanding of the above mentioned process behaviors required
detailed investigation of laser-induced plasma characteristics.
The laser-induced plasma evolution in FPLSF was investigated using a high
speed camera. Plasma characteristics was found to correlate with the observed
parametric behaviors for laser fluence, number of pulses, and especially confine-
ment medium. For an increase in laser fluence, the plasma diameter and pressure
increases simultaneously, in correlation to the increase in feature size. Upon multi-
ple pulse irradiation, no interference between the plasma evolution resulting from
successive laser pulse irradiation is observed. The relationship between plasma
evolution and plastic deformation behavior is compared in Table. 7.1.
Table 7.1: Comparison of deformation features and plasma observation for confine-
ment thickness parameter
Parameter Deformed featureprofiles Plasma visualization
Confinement
medium
Uniform hemispherical
craters with water and
shockwave ripple structures
with glass confinements.
Dielectric breakdown at
different interfaces
(water-air for water and
glass-ablative layer for
glass).
Deeper craters with water.
Smaller plasma diameter,
hence increased plasma
density.
Confinement
thickness
Increase in crater depth and
diameter along with
confinement thickness.
Reduction in plasma
diameter, which leads to
increased plasma pressure.
A significant advantage with FPLSF is that the deformed features has uniform
thickness distribution with variation less than 10%. In addition, the top and bot-
tom surfaces of the deformed features are strengthened by 20 to 70% after FPLSF.
The hardness and thickness distribution were also found to be influenced by the
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process variables, as indicated in Table. 7.2. As mechanical properties are closely
related to the microstructure, the underlying plastic deformation mechanism was
studied using a detailed microstructure analysis. The microstructure of copper foil
surface after forming consisted of subgrains, nucleated fine grains, high dislocation
density regions, and predominantly elongated grains. A corresponding reduction in
grain size and aspect ratio together with an increase in low grain angle boundaries
were witnessed. Higher surface hardness observed at the top crater surface in com-
parison to the bottom surface, was attributed to the increase in grain uniformity
and high dislocation density regions. In FPLSF, strain hardening effect is observed
to be the dominant plastic deformation mechanism contradictory to the occurrence
of adiabatic softening at high strain rate processes such as explosive forming, elec-
tromagnetic forming, and laser shock peening. This difference in mechanism is due
to the combined reduction of plastic strain, strain rate, and inertia effects resulting
from the FPLSF process configuration. Deformation behaviors are observed to be
different at top and bottom surfaces, and also at center and edge regions of the
crater, causing a change in hardness and microstructure profile.
Finally, a finite element model was developed to study the high velocity defor-
mation characteristics of metal foil and flexible pad in FPLSF. FE model correlated
reasonably well with the experimental results to perform a qualitative process anal-
ysis. A time-resolved analysis of stress and strain distributions at different positions
along the foil was performed. Furthermore, several process variables, laser fluence,
material and thickness of the metal foil and flexible pad are analyzed numerically.
The significance of foil thickness in realizing the required deformation features is
highlighted through the observation of different feature shapes with thickness vari-
ation for identical process conditions. The hardness and thickness of the flexible
pad demonstrate significant influence on the plastic deformation of metal foils. An
optimum flexible pad thickness is necessary to achieve maximum feature deforma-
tion and surface enhancement of formed features. The difference in the geometry
and surface characteristics of the deformation features with change in flexible pad
210
Ta
bl
e
7.
2:
Su
m
m
ar
y
of
so
m
e
of
th
e
m
ai
n
co
nc
lu
sio
ns
P
ro
ce
ss
co
nd
it
io
ns
Fo
rm
ab
ili
ty
an
al
ys
is
M
ic
ro
st
ru
ct
ur
e
an
al
ys
is
Fi
ni
te
el
em
en
t
an
al
ys
is
C
ra
te
r
de
pt
h
H
ar
dn
es
s
T
hi
nn
in
g
Fo
rm
in
g
eff
ec
t
in
FP
LS
F
~
15
µ
m
to
30
0
µ
m
Im
pr
ov
em
en
t
in
bo
th
su
rfa
ce
s.
T
hi
nn
in
g
~
4
to
35
%
at
ce
nt
er
.
G
ra
in
el
on
ga
tio
n,
su
bg
ra
in
s,
hi
gh
di
slo
ca
tio
n
de
ns
ity
,
nu
cl
ea
tio
n
of
ne
w
fin
e
gr
ai
ns
,
un
ifo
rm
gr
ai
n
siz
e.
N
ot
A
pp
lic
ab
le
(N
.A
)
D
ef
or
m
at
io
n
fe
at
ur
e
-
To
p
vs
bo
tt
om
su
rf
ac
e
N
.A
H
ar
dn
es
s
at
to
p
gr
ea
te
r
th
an
bo
tt
om
.
N
.A
In
cr
ea
se
in
gr
ai
n
siz
e
un
ifo
rm
ity
an
d
hi
gh
di
slo
ca
tio
n
de
ns
ity
at
to
p
su
rfa
ce
.
H
ig
he
r
st
re
ss
es
at
bo
tt
om
.
Tr
an
sv
er
se
st
re
ss
es
at
to
p
is
co
m
pr
es
siv
e,
as
op
po
sit
e
to
bo
tt
om
.
A
xi
al
co
m
pr
es
sio
n
at
bo
th
su
rfa
ce
s.
D
ef
or
m
at
io
n
fe
at
ur
e
-
C
en
te
r
an
d
ed
ge
N
.A
M
in
or
va
ria
tio
n
in
ha
rd
ne
ss
.
M
ax
im
um
at
ce
nt
er
.
Va
ria
tio
n
ac
ro
ss
cr
at
er
le
ss
th
an
10
%
.
M
or
e
el
on
ga
tio
n
at
ed
ge
s.
La
rg
e
hi
gh
di
slo
ca
tio
n
de
ns
ity
ov
er
a
na
rr
ow
re
gi
on
at
ed
ge
s.
M
ax
im
um
vo
n
M
ise
s
st
re
ss
at
th
e
ed
ge
.
Va
ry
in
g
st
re
ss
pr
ofi
le
s
on
bo
th
sid
es
of
th
e
lo
ad
in
g
ed
ge
.
In
cr
ea
se
in
la
se
r
flu
en
ce
In
cr
ea
se
s
In
cr
ea
se
s
In
cr
ea
se
s,
bu
t
m
or
e
un
ifo
rm
ac
ro
ss
sa
m
pl
e.
In
cr
ea
se
in
hi
gh
di
slo
ca
tio
n
de
ns
ity
an
d
su
bg
ra
in
st
ru
ct
ur
es
.
In
cr
ea
se
in
st
re
ss
an
d
st
ra
in
m
ag
ni
tu
de
s.
In
cr
ea
se
in
fle
xi
bl
e
pa
d
ha
rd
ne
ss
D
ec
re
as
es
D
ec
re
as
es
(b
ot
h
at
to
p
an
d
bo
tt
om
)
D
ec
re
as
es
N
.A
R
ed
uc
tio
n
in
ax
ia
lc
om
pr
es
siv
e
an
d
tr
an
sv
er
se
te
ns
ile
st
ra
in
s.
C
ha
ng
e
in
re
sid
ua
ls
tr
es
s
fro
m
co
m
pr
es
siv
e
to
te
ns
ile
.
In
cr
ea
se
in
fle
xi
bl
e
pa
d
th
ic
kn
es
s
In
cr
ea
se
s
D
ec
re
as
es
(b
ot
h
at
to
p
an
d
bo
tt
om
)
In
cr
ea
se
s
N
.A
R
ed
uc
tio
n
in
co
m
pr
es
siv
e
re
sid
ua
ls
tr
es
se
s.
C
ha
ng
e
in
el
as
tic
re
co
ve
ry
be
ha
vi
or
.
211
hardness and thickness is attributed to the magnitude and direction of strain dis-
tribution during the deformation phase, additional plastic deformation during the
elastic recovery of pad, and the residual stress distributions at the deformed feature.
A holistic summary of results from different studies conducted in this thesis is
shown in Table. 7.2 through comparing deformation profiles, mechanical properties,
underlying microstructures, and the stress-strain distribution (from finite element
analysis) for several process conditions in FPLSF.
7.2 Major Contributions
• The developed process, FPLSF, adds significant flexibility in the sheet metal
micro-manufacturing domain, as the process is reliable, accurate, flexible,
and fast enough to be used for mass customization and mass production
environment. FPLSF has clear advantage in micromanufacturing due to the
elimination of expensive micromold fabrication, improvement in process flexi-
bility, reduction in process cycle time, and an increased tribological properties
due to the frictionless forming.
• The detailed investigation of process deformation mechanisms in FPLSF en-
riches the process knowledge and modeling in the field of High-strain-rate
forming.
• Analysis of laser-induced plasma in this work provides significant insights to
other relevant processes including laser shock peening, laser peen forming,
and laser shock forming where the plasma influence is prominent.
• The exploration of high strain rate loading behavior of hyperelastic materials
(flexible pad) in FPLSF identifies new directions to the relevant, conventional
quasi-static rubber pad forming process.
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7.3 Future Work
The following recommendations are made to improve the developed process as
well the knowledge domain of high-strain rate forming and laser-induced shock
processing in general:
• To enhance the flexibility of FPLSF to fabricate different feature shapes, a
new method of using mask patterns along with FPLSF is proposed. The
schematic of the setup is shown in Fig. 7.1. The mask with required feature
geometry will be positioned in the beam path, which will result in ablative
overlay vaporization of area identical to the mask pattern. In this arrange-
ment, 2D profile of the deformation features on metal foil will replicate the
mask patterns, whereas feature depth will be controlled by FPLSF process
variables.
• Process mechanisms involved in FPLSF were broadly classified into laser-
induced shockwave formation and plastic deformation of metal foils in earlier
parts of this thesis. However, in real case, these different behaviors occur
simultaneously during FPLSF. Therefore, a holistic approach involving all
the relevant physical behaviors in FPLSF, laser irradiation of ablative overlay,
plasma formation and expansion under confinement, shockwave propagation,
plastic deformation of metal foil, and hyperelastic deformation of flexible
pad, is required for improved process prediction. An analytical formulation
directly relating input process variables (laser conditions, ablative overlay
and confinement parameters) to the output foil deformation characteristics
(depth, diameter, surface hardness) shall be developed.
• Impedance mismatch behavior between successive layers influences the shock
pressure propagation. This impedance mismatch effect can be tested by po-
sitioning flexible pad on both sides of the metal foil, as shown in Fig. 7.2a,
to investigate its influence on plastic deformation of metal foils. Further,
different layers of flexible pad materials can be stacked (Fig. 7.2b) according
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Figure 7.1: Schematic of FPLSF using mask patterns
to their impedance such that ZI > ZII > ZIII and examined for its effect on
foil deformation. The correlation between shock impedance of flexible pad
and metal foil deformation characteristics can be derived through the above
mentioned experimental schemes.
• The shock pressure duration plays an influential role in the plastic deforma-
tion of metal foils as discussed earlier. However, the uncertainty with the
exact shock pressure duration resulted in the underestimation of metal foil
deformation in FPLSF process simulations. Therefore, the measurement of
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Figure 7.2: Effect of impedance mismatch behavior in FPLSF (a) Modified FPLSF
schematic with additional flexible pad over metal foil (b) Stacking of flexible pads
with different acoustic impedance
shock pressure profile becomes necessary for the reliable prediction of process
outcomes. In addition, the temporal analysis of shock pressure will address
the questions pertaining to the correlation between the plasma existence and
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the shock pressure. Along with the existing results on plasma formation
and propagation, the shock pressure analysis will enhance the knowledge on
the underlying process variables, especially, ablative overlay and confinement
layer, which are also commonly used in most of the laser shock processes.
• Deployment of Fabbro’s shock pressure model, which was originally developed
for laser shock processing with bulk substrates, to the sheet metal forming
as in FPLSF, especially in conditions of partial ablation of sacrificial overly,
poses prediction issues. Thus, the corresponding modification of the pressure
model is required.
• The application of loading area identical to that of laser beam proves erro-
neous in FE analysis. The correction of loading profiles in consideration with
the spherical shockwave propagation, both in direct application and through
overlay thickness conditions, is suggested to improve simulation predictions.
• Determining the stress strain relationship of hyperelastic flexible pad ma-
terials at high strain rates using Split Hopkinson bar test is suggested for
FPLSF, which will also be helpful to understand the effect of strain rate on
the hyperelastic material deformation in general.
• The microstructure analysis using EBSD is limited by its inability to identify
the various deformation modes including twinning, stacking faults, and dis-
location cells. Transmission Electron Microscopy (TEM) analysis of the de-
formed features is required to understand the underlying deformation modes
in FPLSF.
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Appendix A
Plastic Deformation - Texture
Analysis
Typically, the texture on the deformation structures are analysed using the pole
figure maps. It is found from A.1that, no significant textures were formed on
copper after FPLSF. Similarly, no change in textures were observed between center
and edge regions of the craters as noticed in A.2. Change in fluence also had no
formidable effect on the texture [A.3].
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Figure A.1: Comparison of copper foil texture before and after FPLSF at 13.6
J/cm2 fluence (a) Copper foil surface before FPSLF (b) Top surface of the formed
crater (c) Bottom surface of the formed crater
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Figure A.2: Comparison of copper foil texture after FPLSF at 13.6 J/cm2 fluence
between crater center and edge portions (a) Copper foil surface before FPSLF (b)
Crater center (c) Crater edge
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Figure A.3: Effect of laser fluence on copper foil texture (a) 13.6 J/cm2 (b) 20.9
J/cm2
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